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(57) Abstract 

A non-volatile decbicaUy erasable 
progranunable read only memory 
OEEPROM) capable of storing two bit 
of information having a nonconducting 
charge trapping dielectrip, sudi.. as silicon 
nitride, sandwiched between two silicon 
dioxide layers acting as electrical insulators 
is disclosed. Tlie invention includes a 
method of programming, reading and 
erasing the two bit EEPROM device. The 
noncoducting dielectric layer functions as 
an electrical charge trapping medium. A 
conducting gate layer is placed over the 
upper silicon dioxide layer. A left and a 
right bit are stored in physically different 
areas of the charge trapping layer, near 
left and right regions of the memory cell, 
respectively. Each bit of the memory 
device is programmed in tiie conventional 
manner, using hot electron programming, 
by applying programming voltages to the 
gate and to either the left or the right region 
while tiie other region is grounded. Hot 

electrons are accelerated sufficiently to be injected into the" region of the trapping dielectric layer near where die programming voltages 
were applied to. The device, however, is read in the opposite direction from which it was written, rheanmg voltages are applied to the 
gate and to either the right or the left region while the oAer region is grounded. Two bits are able to be programmed and read due to a 
combination of relatively low gate voltages with reading in the reverse direction. This greatly reduces the potential across the trapped 
charge region. This permit much shorter programming times by amplilying the effect of the charge trapped in the localized trapping region 
associated with each of. the bits. In addition, bofli bits of the memory cell can be individually erased by applying suitable erase voltages to 
the gate and either left or right regions so as to cause electrons to be removed from the correspohding charge trapping region of the nitride 
layer. 
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wo 99/07000 PCT/IL98/00363 
two BIT N(S^OLATILE ELJECm 
PROGRAMMABLE SEMICONDUCTOR MEMORY CELL UTILIZING 
ASYMMiETRICAL CHARGE TRAPPING 



FIELD OF THE INVENTION 

the present iriventibn relates generally to semiconductor memory devices and 
more particularly to multi-bit flash electrically orasable programmable read only memory 
(EEPROM) cells that utilize the phenoniena of hot electron injection to trap charge within 
a trapping dielectric material 'Within the gate. 

BACKGROUND OF THE INVENTION 

Memory devices for non-volatile storage of infonnadon are currently in 
widespread use today, being used in a myriad of applications. A few ^camples of 
non-volatile semiconductor inemory include read only memory (ROM), programmable 
read only memory (PROM), erasable programmable read only memory (EPROM), 
electrically erasable prograinmable read only memory (EEPROM) and flash EEPROM. 

Semiconductor ROM devices, however, suffer fix)m the disadvantage of not 
bemg electrically programmable memory devices. The progra mming of a ROM occurs 
during one of the steps of manufacture using special masks containing the data to be 
stored. Thus, fee entire contents of a ROM must be determined before manufacture. In 
addition, because ROM devices are programmed during manufecture, Ihe time delay 
before the finished product is available coxild be six weeks or more. The advantage, 
however, of using ROM for data storage is flie low cost per device. However, the penalty 

1 
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is the inabmty to change the data once fee masks are committed to. If mistakes in the data 

pro^amming are found they are typicaUy very costly to correct Any inventory that exists 
having incorrect data prograinming is instantly obsolete and probably cannot be used. In 
addition, extensive time delays are incurred because new masks must first be generated 
s fiom scratch and the entire manufecturing iKOcess repeated. Also, the cost savings in fee 
use of ROM memories only exist if lai^e quantities of fee ROM are produced. 

Moving to EPROM semiconductor devices eliminates fee necMsity of mask 
programming fee data but fee complexity of fee process increases drastically. In addition, 
fee die size is larger due to fee addition of programming circuitry and feere are more 
10 processing and testing steps involved in fee manufacture of feese types.of memory devices. 
An advantage of EPROMs are that feey are electrically programmed, but for eaasing, 
EPROMs require exposure to ultraviolet (UV) Ught These devices are constructed wife 
windows transparent to UV li^t to allow fee die to be exposed for erasing, wbich must; be 
performed before fee device can be programmed. A major drav(rtjack to feese devices is 
15 that feey lade fee abUity to be electrically erased. In many circuit designs it is desirable to 
have a non-volatile, manory device feat can be -erased and rcprogrammed in-circuit, 
vwfeout fee iieed to remove fee device for erasing and reprogramniing. 

Semiconductor EEPROM devices also involve more complac processing and 
testing procedures tiian ROM, but have fee advantage of electrical programming and 
20 erasing. Using EEPROM devices in circuitry permits in-ciicuit erasing and 
leprogramming of fee device, a feat not possible wife conventional HPROM memory. 
Flash EEPROMs are similar to EEPROMs in feat mranory cells can be programmed (i.e., 
writtan) and erased electrically but wife fee additional ability of erasing all memory cells at 
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once, hence the teim flasH&*ROM. The disadvantage of flash EEPR^^s that it is very 

difl&cult and expensive to manufacture and produce. 

The widespread use of EEPROM semiconductor memory has prompted much 
research focusing on constructing better memory cells. Active areas of research have 
5 focused on developing a memory cell that has improved perfomiance characteristics such 
as shorter programming times, utilizing lower voltages for programming and reading, 
longer f^ata retention times, shorter erase times and smaller physical dimensions. One such 
area of research involves a memory cell that has an insulated gate. The following prior art 
reference is related to this area. 
10 U.S. Patent No. 4,173,766, issued to Hayes, teaches a metal nitride oxide 

semiconductor (MNOS) constmcted with an insulated gate having a bottom silicon dioxide 
Isyer and a top nitride layer. A conductive gate electrode, such as polycrystalline silicoii or 
metal, is placed on top of the nitride layer, A major disadvantage of this device is the 
difficulty in using it to construct a flash EEPROM. A consequence of xising an 
15 oxide-nitride structure as opposed to an oxide-nitride-oxide structure is that during 
progranmung the charge gets distributed across the entire nitride layer. The absence of the 
top oxide layer lowisrs the ability to control where the diarge is stored in the nitride layer. 

Further^ in the memory cell disclosed in Hayes, the nitride layer is typically 350 
Angstroms thick. A thick nitride layer is required in Hayes* device in order to achieve 
20 sufficient charge retention. Since the nitride can only tolerate relatively small internal 
electric fields, a thick layer of nitride is required to compensate. Due to the thick nitride 
laycjr, very high vertical voltages are needed for erasirig. The relatively thick nitride layer 
C3uses the distribution of charge, i.e., the charge trapping region, to be very wide and a 
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wider charge tapping region makes erasing the cell via the drain extremely difiBcult if not 

impossible. In. addition, drain erasing is made difficult because! of the increased thickness 
of the charge trapping layer. Thus, tiie memory cell taught by Hayes rhust have a thick 
nitride layer for diarge retention purposes but at the expense of making it extremely 
5 difiBcult to erase Ae device via the drain, thus making the device impractical for flash 
EEPROM applications. 

To erase the memory cell of Hayes, the electrons previously tapped in the 
nitride must be neutralized either by moving electrons out of flie nitride or by transferring 
holes into the nitride. Hayes teaches an erase mode for his mernory cell whereby the 
10 infoimation stored on the nitride is erased by grounding the gate and appljdng a sufBcient 
pot&itial to the drain to cause avalanche breiakdowo. Avalanche breakdown involves hot 
hoie injection mto the nitride in contrast to electron injection. Avalaiiche breakdown, 
however, requires relatively high voltages and high currents for the phenomena to occur. 
To lower the avalanche breakdown voltage, a heavily doped impiirity is implanted into the 
15 channel between the source and the draiii. 

The hot holes are generated and caused to surmount the hole potential barrier of 
the bottom oxide and recombine with the electrons in the nitride. This mechanism, 
however, is very complex and it is difiBcult to construct mernory devices tttat work in this 
manner. Another disadvantage of using hot hole injection for erase is that since the PN 
20 junction between the dram and the chaimei is in breakdown, very large currents are 
generated that are difficult to cbritrbL Further, the ntiniber of program/erase cycles that the 
memory cell can sustain is limited because the breakdown dams^es the junction area: The 
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junction when it is in breakdown. 

In addition, it is impractical to use the memory device of Hayes in a flash 
memoiy array architecture. The huge currents generated during ^ase using avalanche 
breakdown would cause significant voltage (i.e., IR), drops along the bit line associated 
with flie memory cell in breakdown. 

Another well known technique of erasing is to inject holes from the gate into the 
nitride layer. This mechanism, however, is veiy complex and difiBcult to control due to the 
higher mobility of holes versus electrons in the nitride. With elevated temperatures, the 
higher mobility of holes causes a large loss of charge retention and consequently lower 
threshold voltage deltas from the original programming threshold. Deep depletion 
phenomena ciieale the need for a companion serial device to control the programming/erase 
process. 

U.S. Patent No. 5,168,334, issued to Mitchell et al., teaches a single transistor 
EH^ROM memory cell, \fitchell, however, teaches an oxide-nitride-oxide (ONO) 
EEPROM memory cell vs^ierein oxide-nitride-oxide layers axe formed above the channel 
area and betwedii the bit lines for^providing isolation between ov^iying polysilicon word 
lines. The nitride layer provides the charge retention medianism for programming the 
memory celL 



very well stiitisd for flash EEPROM applications. This is due to the veiy wide charge 
trapping region that must be programmed in order to achieve a s;uf5cient delta in the 
threshold voltage between programming and reading. The Mitchell device is programmed 



Althotigh the memory device of Mitchell includes a top oxide lay^^, it is not 
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and nad in the forward direction. Since reading in the forvrard direction is less effective 

than reading in the reverse direction, the charge trapping region must be wider by default in 
ordCT to distinguish between the progianuned and mqjrograttraied stales. A wider charge 
trapiang region, however, makes the memory device veiy difficult to erase, thus making 

5 this device inefficirat for flash EEPROM^pUcations. . 

A single transistor ONO EEPROM device is disclosed in the technical article 
entitied "A True Single-Transistdr Oxide-Nitride-Oadde EEPROM Device," T.Y. Chan, 
BLK. Young and Chenming Hu, IEEE Electron Device Letters, March 1987. The memory 
cell is prograinmed by hot electron injection and the injected charges are stored in the 

10 oidde-nitride-oxide (ONO) layer of the device. This article teaches programming and 
reading in the forward direction. Thus, as in Mitchell, a wider charge tr^ping region is 
required to achieve a sufficientiy large differetide in threshold voltages between 
programmir^ and reading. This, however, makes it mudi more difficult to erase the 
device. 

15 Mvilti-bit transistors aie knowii in the art Most multi-bit transistors utilize 

multi-level thiesholds to store more than one bit with each threshold level representing a 
difesrent state. A maiioiy cell having four threshold lisvels can store two bits. This 
technique has been implemraited in a ROM by tising implanting techniques and has also 
beoi attenq)ted in FLASH and EEPROM nwanoryi The multi-level tiireshold tedmique 

20 has not beai ^lied to EPROM ifnranoiy dtte to the feet tiiat if die window of a threshold 
defining a giveii state is exceeded, a UV dase cycle must be performed which is very 
cumbersome Snd cbstly. In addition, to perfbmi the UV erase, tiie chip must first be 
removed froiri the systeatn which can be very problemaliCi 
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Achieving mSpe tiiresholds in FLASH and EEPROM recpRI an initial erase 

cycle to bring all the memory cells below a certain threshold. Then, utilizing a methodical 
programming scheme, the threshold of each cell is increased until the desired threshold is 
reached. A disadvantage with this technique is that the programming process requires 

5 constant feedback which causes multi-level programming to be slow. 

In addition, using this technique causes the window of operation to decrease 
meaning the m^jreins for each state are reduced. This translates to a lower probability of 
making good dies and a reduction in the level of quality achieved. If it is not desired to 
sacrifice any miargins while increasing the reliability of the cell, than the window of 

10 opemtion must be increased by a factor of two. This means operating at much higher 
voltages which is not deshable because it lowers the reliabiUty and increases the 
disturbances between the cells. Due to the complexity of the multi-threshold technique, it 
is used mainly in applications where missing bits can be tolerated such as in audio 
^plications. 

15 Another problem with this technique is that the threshold windows for each state 

may change over time reducing the reliability. It must be guaranteed that using the same 
word line or bit line to program other cells will not interfere with or disturb the data in cells 
already programmed. In addition, the progranuning time itself increases to accx)rximddate 
the multitude of different progranmiing thresholds. Thus, the shifting of threshold 

20 windows for each state over time reduces the window of operatiori and consequentiy 
increases the sensitivity to disturbs. 

The reduced margins for the threshold windovvs for the rnultiple states results in 
reduced yield. Further, in order to maintain quality and threshold Eciaorgins, higher voltages 



7 



wo 99/07000 ^^^CT/lL98/0d363 

are reqtured. This implies higher electric fields in the channel which contributes to lower 

reliability of the memory cell. - 

In order to constract a multi-bit ROM memory cell, the cell mtist have fdtir 
distinct levels that can be programmed. In the case of two levels, i.e., conventional single 
bit ROM cell, the threshold voltage programmed into a cell for a '0' bit oidy has to bt 
greater than the maximum gate voltage, thus making sure the cell does not conduct when it 
is tiimed on during reading. It is sufficient that the cell conducts at least a certain a^^ 
of cuirent to distinguish between the programmed arid \mprogrammed stales. The current 
through a transistor can be described by the following equation. 



Leff 



is the effective channel length, K is a constant, Yo is the gate voltage and Vt 
is the threshold voltage. However, in. the multi-bit case, different thresholds must be, 
cleariy distinguishable whi* translates into sensing different read currents and slower read 
speed. Further, for two bits, foxir current levels mxist be SOTsed, each threshold havmg a 
statisticsal distribution because the thresholds cannot be set peafecdy. hi addition, there will 
be a statistical distribution for the effective channel length which will further widen the 
distribution of the read currents for each thrediold level. 

The gate voltage also affects the distribution of read currents. For the same set 
of threshold levels, varying the gate voltage directiy results in a variation of the ratio 
b^een tiie read currents. Therefore the gate volt^e must be kept very stable. In 
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addition, since there are^ltiple levels of current, sensing becomes m^Komplex than in 

the two level, Le., single bit, cell. 

The following prior art references are related to multi-bit semiconductor 

memory cells. . 

5 U.S. Patrat No.. 5,021,999, issued to Kohda et al., teaches a non-volatile 

memory cell using an MOS transistor having a floating gate with two electrically separated 
segmented floating gates. The memory cell can store three levels of data: no electrons on 
eiflier segment, electrons injected into dthex one of the two segments and electrons injected 
into both segments. 

10 U.S. Patcait No. 5,214,303, issued to Aoki, teaches a two bit transistor vMch 

comprises a semiconductor substrate, a gate electrode formed on the substrate, a pair of 
source/^drain regions provided in the substrate and an ofEset step portion formed in at least 
one of the source/drain regions and downwardly extending into the substrate in the vicinity 
of the gate electrode. 

15 U.S. Patent No. 5,394,355, issued to Uramoto et al., teaches a ROM memory 

having a plurality of reference potential transmission lines. Each reference potential 
transmission line represents a dififer«it level or state. Each memory cell includes a 
memory cell transistor able to connect one the reference potential transmission lines to the 
corresponding bit line. 

20 U.S. Patent No. 5,414,693, issued to Ma et al., teaches a two bit split gate flash 

EEPROM memory cell stmcture that uses one select gate transistor and two floating gate 
transistors. In this invention essentially each bit is stored in a separate transistor. 
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U.S. Patent No. 5,434,825, issued to Harari, teaches a mviltiTbit EPROM and 

EEPROM memory ceU vAdch is partiticmed into three or more ranges of programming 
charge. The ceU's memory window is widened to store more tiifitx two binary states. Each 
cell is programmed to have one of the programmed states. To achieve more than two 
binary states, mvdtiple negative and positive threshold voltages are used. The cell basically 
coriiprises a data storage transistor coi5)led to a series pass transistor. The data transistor is 
programmed to one of the predefined threshold states. Seiising circuitry distinguishes the 
diflfraent current levels associated with each programmed state. 
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lY OF THE INVENTION 



The present invention discloses an apparatus for and method of programming, 
reading and erasing a two bit flash electrically erasable programmable read only memory 
OEEPROM). The two bit flash EEPROM memory cell is constructed having a charge 

5 trapping non-conducdng dielectric layer sandwiched between two silicon dioxide lay^^ 
The nonconducting dielectric layer functions as an electrical charge trapping medium. The 
charge trapping layo: is sandwiched between two layers of silicon dioxide which act as 
electrical insulators. A conducting gate layer is placed over the upper silicon dioxide layer. 
The two individual bits, i.e., left and rigjit bits, are stored in physically different areas of 

10 the charge trapping region. 

A novel aspect of the memory device is that while both bits are programmed in 
the conv^tional maimer, using hot electron programrning, each bit is read in a direction 
opposite that in which it was programmed with a relatively low gate voltage. For example, 
the right bit is programmed conventionally by applyirig pfogramming voltdges to the gate 

15 and the drain while the source is grounded. Hot electrons are accelerated suffidendy to be 
injected into a region of the tr^ping dielectric layer nesuf the drain. The device, however, 
is read in the opposite direction fsxym vMch it was written, meaiung voll^es are applied to 
the gate and tiie source while the drain is grounded. The left bit is similariy programmed 
aiidreadby swaji^ing the fimctioilalily of source and dram te^^ Programthing one of 

20 the bits leaves the other bit with its information intact and undisturbed. Programming one 
of the bits does, however, have a very small effect on the other bit, e.g., slightly slower 
programming speed for the second bit. 
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Reading in the revCTse direction is rhost eflFective v/tisn relafively low gate 

voltages are used. A benefit of utilizing- relatively low gate voltages in combination with 
reading in the revise dkection is that the potential drop across the portion of the channel 
beneath the trapped charge region is significantly reduced. A relatively small 
programming region or charge trapping region is possible due to the lower channel 
potential drop imder the charge trapping region. This permits much fester programming 
times because the eflFect of the charge tr25>ped in the localized trapping region is amplified. 
Programming times are reduced while the delta in threshold voltage between the 
programmed versus unprogrammed states remains the same as when the device is read in 
the forward direction. 

Another msyor benefit is that the erase mechanism of the memory cell is greatly 
enhanced Botii bits of the memory cell can be erased by applying suitable erase voltages 
to the gate and the drain for the ri^t bit and to the gate and the source for tiie left bit so as 
to cause electrons to be rraioved flxiin the charge tr^ping region of the nitride layer. 
Electrons move fiom the nitride throu^ the bottom oxide layer to the drain or the source 
for the right and the left bits, respectively. Another benefit includes reduced wearout fi-om 
cycling thus increasing device longevity. An effect of reading in the reverse direction is 
that a much higher threshold voltage for the same amount of progra mming is possible. 
ThuSi to achieve a sufficient delta m the threshold voltage between the programmed and 
unprogranmied states of the memory cell, a much smaller region of trapped charge is 
required when the cell is read iii the reverse direction than when the cell is read in the 
forward direction. 
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The erase m^^Rism is ^ihanced when the charge trappingregioii is made as 

narrow as possible. Prograimning in the forward direction and reading in the reverse 

direction permits limiting the width of the charge trapping region to a narrow region near 

the drain (right bit) or the source. This allows for much more efiBcient erasing of the 

5 memory cell. 

Furfher, ntitiyang a tbirmer silicon nitride charge trapping layer than that 
disclosed in the prior art helps to confine the charge trappirig region to. a laterally narrower 
region near the drain, jpurther^ the thinner top and bottom oxide sandwiching the nitride 
layer helps in retention of the trapped charge. 
10 In addition, unlike prior art floating gate flash EEPROM memory ceils, the 

bottom and top oxide thickness can be scaled due to the deep trapping levels that function 
to increase the potential barrier for direct tunneling. Since the electron trapping levels are 
so deep, thinn^ bottom and top oxides can be used without compromising charge 
retention- 
is Another benefit of localized charge trapping is that during erase, the region of 
the nitride away fi'oi)! the drain does not experience deep depletion since the erase occurs 
near the draicL only. The final threshold of the cell after erasing is self liniited by the device 
structure itsel£ This is in direct contrast to conventional singe transistor floating gate flash 
mrniory cells v^ch are plagued with deep depletion problems. To overcome these 
20 prdblems, xxianufacturers include, complex circuity to control the erase process in order to 
prevent or recover &bra deep depletion. 

Another approach - previously employed in. the prior art to solve the deep 
depletiori problem was to design the floating gate flash memory cell using a split gate 
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design fo rmin g multiple transistors per cell. The split gate or louble tnSnsistor 
constructions were necessary because the mformation carrying transistor, i.e., the floating 
gate tr^istbr, potentially cbuld be over erased. An over erase condition caused the 
threshold voltage of the cell to go too low. The second transistor, acting as. a control 
transistor, prevmted the floating gate transistor from being over erased. 

Two bit considerations of the memory cell of the present invention are described 
hereinbelow. The first is the fact that reading in the reverse direction pemiits read through 
of the trapping region associated with the other bit The second is that piopanraiing tiie 
device to a low V^, by clamping the word line voltage Vwl, further enhances the margin for 
each bit. The margin is defined as the parameters that will program one of the bits without 
afifecting the other. 

Further, tiie locality of the trapped charge due to hot electron injection in 
combination with reverse reading pemiits two distinct charge trapping regions to be 
formed in a relatively short device whose L^^ is approximately 0.2 microns. Also, utilizing 
a combination of poative Vjy arid either ^ of negative Vq permits eadi bit to be wased 
separately. 

The memctty device also eadiibits litde or no disturb during programming. This 
is because dtiring programming flie drain voltage is only applied to the junction a<8acent to 
the region where charge trapping is to occur. 

it is important to riote that a memory cell constmcted in accordance with the 
present invention cannot store two bits utilizing programming in the forward direction and 
reading iii tiie forward du^tion. This is due to tiie forward read requiring a wider charge 
trapping region to be prograimned in order to achieve a suSScient delta in read currents for 
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a one and a zero. Once air of the bits is programmed, the wider cha^Kapping region 

prevents read through to the other bit 
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BRIEF DESOOPTION OF THE DRAWINGS 

The invention is herein described, by way of example only, with reference to the 
accompan}dng drawings, 'wdierein: 

Fig. 1 illustrates a sectional view of a single bit flash EHPROM cell of the prior 
art iitiliTing Oxide-rNitride-Oxide (ONO) as the gate dielectric; 

Fig. 2 iUustrates a sectional view of a two bit flash EEPROM cell constructed in 
accordance with an embodiment of the present invention utiUzing ONO as the gate 
didectnc; 

Fig. 3 illustrates a sectional view of a two bit flash EEPROM cell constructed in 
accordance with , an embodiment of the present invention utilizing a silicon rich siUcon 
dioxide with buried polysilicon islands as the gate dielectric; 

Fig. 4 is a graph illustrating the threshold voltage as a function of programming 
time for reading in tiie forward and revise directions of a selected memory cell iii 
accordance with this invention; 
15 Fig. 5A illustrates a sectional view of a flash EEPROM cell of the prior art 

showing the area of charge trz^ping under the gate; 

Fig. 5B illustrates a sectional view of a flash EEPROM cell constructed in 
accordance with an embodiment of the present invention showing the area of charge 
trapping under the gate; 

20 Fig. 6 is a graph illustrating the difference in threshold voltage in the forward 

and reverse directions as a function of drain voltage for a flash EEPROM cell of the 
present invention that has been programmed; 
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Fig. 7 is a gr^pKllustrating the difference in drain current uKie forward and 

reverse directions as a function of drain voltage for a flash EEPROM cell of the present 
invention that has been programmed; 

Fig, 8 is a graph illustrating the threshold voltage of a flash EEPROM cell of the 
5 presrat invention as a function of programming time for reading in the forward and reverse 
dkections; 

Fig. 9 is a graph illustrating the leakage current through the region of trapped 
charge as a function of the voltage across the charge trapping region while reading in the 
reverse direction; 

10 Fig. 10 is a gr^h illustrating the gate vohage required to sustain a given voltage 

in the channel beneath the edge of the region of trapped charge while reading in the reverse 
. directioii; 

Fig. 11 is a graph illustrating the efBsct of the gate volt^e applied during 
reading on the difference in drain current between reading in the forward versus tiie reverse 
15 direction; 

Fig. 12 is a graph illustrating the effect- of the gate voltage (as measured by 
fiireshold channel currrat Won the difference in threshold voltage between the forward 
read and reverse read directions; 

Fig. 13 is* a graph illustrating the effect programming one of the bits has on the 
20 other bit that has not been previously programmed; 

Fig. 14 is a graph illustrating the effect programming one of the bits has on the 
other bit that has been previously programmed; 
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Fig. 15 is a sectional view of a two bit EEPROM cell constructed in accordance 
with an embodiment of the present invention shd>ving the area of charge trapping under the 
gate for both the ri^t and the left bits; 

Fig. 16 is a gr^h illustrating the effect of a low drain voltage on the read 
through of a programmed bit; 

Fig. 17 is a graph illustrating the effect of programming on erase for the forward 
and reverse directions; 

Fig. 18 is a graph illustrating the separate bit erase capability of the two bit 
EEPROM memory cell of the present invention; 

Fig. 19 is a graph illustrating the effect of cycling on the program and erase 
ability of the two bit EEPROM cell of the present invention; 

Fig. 20 is a graph illustrating the effect of over programming on the ability to 
erase for the forward and reverse directions; 

Fig. 21 is a grs^h illustrating the progfamixiiiig and erasing ciifves for using 
oxide versus TEGS as the material used as the top oxide; 

Fig. 22 is»a grc^h illustrating the erase curves for two different values of drain 
voltage while the gate is held at ground potential; 

Fig. 23 is a graph illustrating the erase curve for two different values of gate 
voltage; . 

Fig. 24A illustrates a sectional view of a flash EEPROM cell of the prior art 
showing the area of chaise trapping imder the gate after being jjirogjcarnmed for a period of 
time; and 
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Fig. 24B illuOTKs a sectional view of a flash EEPROM ^^constructed in 

accordance with an embodiment of the present invention showing the area of charge 
trapping under the gate after bemg programmed for a sufBcient time to achieve tiie same 
threshold voltage of the cell illustrated in Figure 24A. 
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DETAILED DESCRIPTION OF THE INVENTION 

The two bit flash EEPROM cell of the present invention can best be understood 
with an understanding of how present day single bit charge trapping dielectric flash 
EEPROM memory cells are constructed, programmed and read. Thus, prior art single bit 
ONO EEPROM memory cells and the conventional method used to program, read and 
erase them are described in some detail. Illustrated in Figure 1 is a ctoss section of a 
conventional ONO EEPROM memory cell as disclosed in the technical article entitled "A 
True Single-Tranristor Oxide-Nitride-Oxide EEPROM Device," T.Y. Chan, K.K. Young 
and Chenming Hu, IEEE Electron Device Letters, March 1987, incorporated herein by 
reference. The memory cell, generally referenced 41, comprises a P-type silicon substrate 
30, two PN junctions between N+ source and drain regions 32, 34 and P type substrate 30, 
a non conducting nitride layer 38 sandwiched between two oxide layers 36, 40 and a 
polyciystalline conducting layer 42. 

Programming Prior Art Single Bit Memory Devices 

The operation of the prior art memory cell 41 will now be described. To 
program or write the cell, voltages are applied to the drain 34 and the gate 42 and the 
source 32 is grounded. For example, lOV is applied to the gate and 9 V is 2?>plied to tiie 
draiiL These voltages generate a vertical and lateral electric field along the length of the 
channel from the source to the drain. This electdc field causes electrons to be drawn ofiF 
the source and begin accelerating towards the drain. As they move along the length of the 
channel, they gain energy. If they gain enough energy they are able to jump over the 
potential barrier of the oxide layer 36 into the silicon nitride layer 38 and become trapped. 
The probability of this occurring is a maximum in tiie region of the gate next to the drain 
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34 because it is near theoRi that the electrons gam the most energy .^fcse accelerated 
electrons are temied hot electrons and once injected into the nitride layer they become 
trapped and remain stored there. The tr^ped electrons cannot spread through the nitride 
layer because of the low conductivity of the nitride layer and the low lateral electric field in 
the nitride. ThuSi the trapped charge remains in a localized trappmg region in the nitride 
typically located close to the drain. 

In U.S. Patent No. 4,173,766, issued to Hayes, the nitride layer is described as 
typically being about 350 Angstroms thick (see column 6, lines 59 to 61). FurfhCT, the 
nitride layer in Hayes has no top oxide layer. A top oxide layer would serve as a low 
conductivity layer to prevent holes from moving into the nitride from the overlying gate 
and combining with electrons trapped in the nitride which reduces the charge stored in the 
nitride. If the manoiy cell of Hayes used a tiunner nitride layer, then electrons trapped in 
the nitride layer would be lost to holes mtering from the overiymg conductive gate. The 
coiiduGtive gate permits the electrons m the nhride to be removed. Further, once the 
electrons are trapped in a given region of the nitride associated with a smgle cell, the 
programming of adjacent cells can cause an electric field to be genemted with respect to 
the electrons m the trapped region of the smgle cell causing fiirther dissipation of the 
electrons fix>m the trapped region. During life testing, vjbsc^ the device is subjected to 
elevated temperatures typically m the range frona about 150 degrees Centigrade to 250 
degi^s Centigrade, holes fix>m the gate can enter the nitride and combine with flie 
electrons to fiarther reduce the amount of charge trapped in the nitride. Although lateral 
fields exist in the nitride of the Hayes stmcture as they do in any ONO stmcture used as 
gate insulation in an MOS device, the relatively thick nitride layer such as disclosed by 
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Hayes causes the electrons to move laterally m response to this lateral field and come to 
rest either in traps between the conduction and valence bands or in localized regioris of 
positive charge in the nitride layer. Such movement of electrons, conunoiily known as 
electron hopping, can readily occur in a relatively thick nitride layer such as disclosed by 
Hayes. Such hopping diffuses and tiius reduces the Ibcaliized mteiisity of the trapped 
charge. 

As previously described, in order to achieve an effective delta in threshold 
voltage between the unprogrammed and the programmed state: of each cdl, the charge 
trapping region of prior art flash EEPROM cells must be made fairly wide. Thus, electrons 
are trapped in areas far fix)m the drain which directly affects the effectiveness of the erase. 
In some cases, the device cannot be erased at all because the charge trapping region w^ 
programmed too wide. 

In memory cells constructed usmg a conductive floating gate, the charge that 
gets injected into the gate is distributed equally acrdss the entire gate. The threshold 
voltage of the entire gate increases as more and more charge is injected into flie gate^ The 
threshold voltage mcreases because the electrons that bebome stored in the gate screen the 
gate voltage from the chaxmei. 

With reference to Figure 1, in devices with low conductivity or non conductive 
floating gates, the injection of hot electrbris into the silicon nitride Uydr causes the gate 
threshold volt^e to increase only in the locaitzed trapplmg regiorL This is m contrast to the 
conductive floating gate menioiy cells of EPROMs and EEPROMs whereiii the gate 
threshold voltage of the ratire chanhel ris^ as programmmg tiriie mcitases. In both 
conductive and non conductive floating gate miembry cell deisigiiis, an iricreiase in the gate 
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threshold voltage causes 



current flo^ving through the chiaiinel to 



i for a given 



gate voltage. This reduces programming efficiency by lengthening the programming time. 
However, due to the localized electron trapping in the non conductive floating gate 
memory cell design, the programming time is reduced less than with the coiiductive 
floating gate memory cell design. The technique of programming flash EEPROM memory 



cells wilh either conductive or low conductivity or npn conductive floating gates is well 
known in liie art and is currentiy used to program EEPROM and flash EEPROM memory 
cells. 

Reading Prior Art Single Bit Memory Devices 

The metiiod of reading prior art flash EEPROM memory cells will now be 
described. The coiivratioiiJil teclmique of reading both prior art conductive floating gate 
and non conductive localized trapping gate EEPROM or flasih EEPROM memory is to 
apply read voltages to the gate and drain and to ground the source. This is similar to the 
method of programming with the diflference being that lower level voltages are applied 
during reading than during programming. Since the floating gate is conductive, the trapped 
charge is distributed eVenly throughout the entire floating conductor. In a programmed 
device, the threshold is thCTefpre high for the entire channel and the process of reading 
becomes symmetrical. It makes no difference whether voltage is applied to the drain and 
the source is grounded or vice versa, A similar process is also used to read prior art non 
conductive localized gate flash EEPROM devices. 



This is trae for all EPROM and EEPROM memory devices. A short progra mm i ng pulse is 
appUed to the device followed by a read. The read is actually used to effectively measure 
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the gate threshold voltage. By convention, the gate threshold voltage is measured by 

applying a voltage to the drain and a separate voltage to 0x6 gate, with the voltage on the 
gate being increased from zero while the channel current flowing ffdm drain to source is 
measured. The gate voltage tiiat provides 1 pA of channel current is termed the threshold 
voltage. 

Typically, programming pulses (u^., write pulses) are followed by read cycles 
wherem the read is performed in the same direction that the programmi^ pulse is applied. 
This is termed symmetrical programming and reading. Programming stops when the gate 
threshold voltage has reached a c^tain predetermined point (Le., the channel ciirrent is 
reduced to a siifficiendy low level). This point is chosen to ensure that a '0' bit can be 
distinguished fifoin a ' 1' bit and that a certain data retention time has been achieved. 

The Two Bit Memory Device of the Present Invention 

A sectional view of a two bit flash EEPROM cell coiistmcted in accordance 
with an anbodiriient of the pre^t iiiventidii utHiTang ONO asi the gate dielecttic is shown 
in Figure 2. The flash EEPROM memory cell, generally referenced 1 0^ comprises a P-type 
substrate 12 having- two buried junctions, one bring between the source 14 and 
substrate 12, termed the left junction aiid the other being between the drain 16 and the 
substrate 12, termed the right jiinctionL Above the channel is a layer of silicon dioxide 1 8, 
preferably between apjirbximateiy 60 to 100 Angstrorns thick, which forms an electrical 
isolation layer over the channel. On top of the silicon dioxide layer 18 is a charge trapping, 
layer 20 constructed prefa:abiy in the faiige of 20 to 100 Angstroms thick and preferably 
comprised of silicon tiitride, The hot electrons are trapped as they are mjected into 

the charge trapping layer. In this fashion, the charge trapping laiy&r serves as the merhory 
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letention layer. Note tfaa^He iarogramming, reading and erasing of the OTmory cell of tiie 

present invention is based on the movement of electrons as opposed to movement of holes. 
The charge trapping dielectric can be. constructed using silicon nitride, silicon dioxide vvith 
buried polysilicon islands or implanted oxide, for example. In the third listed alternative, 
the oxide can be implanted with arsenic, for example. The thickness of layer 18 is chosen 
to be in excess of 50 angstrom to prevent electrons from tunneling through the oxide and 
leaving charge trapping layer 20 during the operation of the cell. Thus the lifetime of the 
ceD of this invention is greatly extended relative to prior art MNOS devices. The memory 
cell 1 0 is capable of storing two bits of data, a right bit represented by the dashed circle 23 
and a left bit represented by tiie dashed circle 2 1 . 

It is important to note that the two bit memory cell of the present invention is a 
symmetrical device. Therefore, the terms source and drain as used with conventional one 
bit devices may be confusing. In reality, the left junction sctvcs as the souiro tenninal and 
the right junction serves as the drain temounal for the right bit. Similarly, for the left bit, tiie 
right junction serves as the source tenninal and the left junction serves as the drain 
terminal. Thus, to avoid confusion, the terms left, or first junction and right or second 
junction are utilized most of the time rather than source and drain. When the distinction 
between left and right bits is not crucdal to the particular discussion, the terns source and 
drain are utilized. However^ it should be understood that the source and drain terminals for 
the second bit are reversed compared to the source and drain terminals for the first bit 

Another layer of silicon dioxide 22 is fomied over the charge trapping layer, 
(Le;, silicon nitride layer), and is preferably betw^i approximately 60 to 100 Angstroms 
thick. The silicon dioxide layer 22 fimctions to electrically isolate a conductive gate 24 
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fonned over the silicon dioxide layer 22 from charge trapping layer 20. The thickness of 

gate 24 is approximately 4,000 Angsftrbms. Gate 24 <:an be constructed from 
polycrystalline silicon, commonly known as polysilicdn. 

Charge trapping dielectric materials other than nitride may also be suitable for 
use as the asymmetric charge trapping mediuni. One such material is silicon dioxide with 
buried polysilicon islands. The silicon dioxide with polysiUcori islands is sandwiched 
between two layers of oxide in similar fashibii to the construction of the ONO naemory cell 
in Figure 2. A sectional view of a two bit flash EEPROM cell constructed iii accordance 
with a iprefeired embodiment of the present invention utilizing a silicon rich silicon dioxide 
layer 54 with buried polysilicon islands 57 as the gate dielectric is illustrated in Figure 3. 
Note that for simplicity, only a few polysilicon islands are numbered, A P-type substrate 
62 has buried N+ source 58 and N+ drain 66 r^ons. the silicon dioxide 54 with buried 
polysilicon islands 57 is sandwiched between two layers of silicon dioxide 52, 56. 
Covering oxide layer 52 is polysilicon gate 50. Gate 50 is typically heavily doped with an 
N-type impurity such as phosphorus in the 10^' to 10^ atoin/cc range. Similar to the two 
bit memory cell of Figure 2, the liiemory cell of Figure 3 is capable of storing two data 
bits, a right bit represented by the dashed circle 5 5 and a left bit reprfesented by the dashed 
circle 53. The operation of the rnembry cell of Figxire 3 is similar to that of -flie memory 
cell iilxistrated in Figure 2 wlh piognuimiing and reading occurring in opposite directions 
for each bit 

Alternatively, the charge itappitig dielectric caii be constructed by implanting an 
impurity, such as arsenic, iiito a rniddle layer 54 of silicon didsdde dq>osited on top of the 
bottom oxide 56. 



26 



WO99/07Q00 ^WPCT/IL98/00363 

A key aspect present invention lies in the manner i^^iich the flash 

EEPROM memory ceD 10 (Figure 2) is programmed and read. Rather than perfonnmg 
symmetrical programming and reading, the flash EEPROM memory cell of the present 
invention is programmed and read asymmetrically. This, means that programming and 
reading occur in opposite dnections. Tbe arrows labeled PROGRAM and READ for each 
bit (i.e. the left bit and the right bit) in Figure 2 point m opposite directions to signify this 
asymmetry . Thus, programmiiig is performed in what is termed the forward direction and 
reading is performed in what is termed the opposite or reverse direction. 

It is noted that throughout the discussion of the EEPROM memory cell of the 
present invention presented below^ the voltage levels discussed in coimection therewith are 
asstimed to be independent of the power supply voltage. Thus, the power supply voltages 
supplied to the chip embodying the EEPROM memory device may vary while the voltages 
applied to the gate, drain and source thereof will be supplied from regulated voltage 
. sources. . 

Programming One Bit in the Forwaird Direction 

As previously mentioned, the fliatsh EEPROM memory cell 10 of Figure 2 is 
prbgrarximed similarly to fee prior art flash EEPROM memory cell of Figure 1 . Voltages 
are applied to the gate 24 and drain 16 creating vertical and lateral electrical fields which, 
accelerate elections from the source 14 along the length of the channel. As the electrons 
move along the chaimel some of them gain sufficient energy to jump over ihe potential 
barrier of the bottom silicon dioxide layer 18 and become trapped in the silicon nitride 
layer 20; For the right bit^ for ^cample^ the electron trapping occurs in a region near tiie 
drain 16 indicated by the dashed circle 23 in Figure 2. Thus the trapped charge is 
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self-aligned to the junction between the drain 16 and the substrate; Electrons are trapped m 

the portion of nitride layer 20 liear but above and self-aligned with the drain region 16 
because the electric fields are the strongest there, thus, the electrons have a maxinium 
probability of being sufficimtly energized to jump the potmtial barrier of the silicon 
dioxide layer 18 and become trapped in the nitride layer 20 hear the drain 16. The 
threshold volt^e of the portion of the channel between the source 14 and drain 16 under 
the region of trapped charge incareases as more electrons are injected into the nitride layer 
20. 

It is hnpoitant to note that in order to be able to subsequently erase memory 
device 10 effectively, the progranmiing time period must he limited. As the device 
continues to be prograinmed, the width of the charge trapping region increases. If 
programming continues past a ciatain pomt the diarge trapping reigion becomes too wide 
whereby erasing is ineffective in removing trapped charge fix)nti the nitride layer 20. 

However, by reading m the reverse direction, programming times can be 
shortened. This permits a much narrower diarge trappmg re^oiL This in turn greatly 
increases the erase efficiency since fewer electrons need to be removed to erase the device. 
In addition, the trappbd electrons are stored in a narrower region near the drain also 
improving the effectiveiiess of the erase. 

Reading One Bit in the Forward iDirection 

If the flash EEPROM rriemoiy cell 10 is read using the conventional technique 
of reading in the same diiJection as programrning, the time needed to program the device 
greatly increases to achieve the safiie ttnreshold voltage. Readu^ m the same direction as 
programming rrieans the device is f>r6gramrried and read iii the same forward direction. 
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During leading, voltagi^naving levels lower than the voltag^Hqspiied during 

programming are applied to the gate and drain and the channel current are sensed. If 
device 10 is programmed (i.e., a logic '0') the chaimel current should be very low and if the 
device is not programmed (i.e., a logic T) tiiere should be significant channel current 
5 generated. Preferably, the difference in the channel current between the '0* and T logic 
states should be maximized in order to better distinguish between the '0* and '1' logic states. 

Illustrated in Figure 4 is a graph showing the rise in gate threshold voltage as a 
function of programming time for reading in the forward direction (curve labeled 
FORWARD READ) and for reading in the reverse direction (curve labeled REVERSE 
10 READ). Apparent &om the gj^sph in Figure 4 is the several orders of magnitude reduction 
in programming time achieved when reading in the reverse direction versus reading in the 
forward directioiL As is described in more detail below, this dramatic reduction in 
programming time is due to amplification of the effect of the trapped charge injected into 
the nitride layer brought about by reading the memory cell in the opposite direction from 
15 which it was programmed. 

As stated above, the tnne needed to program tiie flash EEPROM memory cell 
greatly increases when reading occurs in the same direction (i.e., the forward direction) as 
programnoing. The reason for this will now be explained in more detail with reference to 
Figures 5 A and 5B. Figure 5A illustrates a sectional view of a flash EEPROM cell of the 
20 prior art showing the area 66 of charge trapping under the gate 42. Figure 5B illustrates a 
sectional view of a flash EEPROM cell constructed in accordance with an embodimrait of 
the presmt invention showing the area 68 of charge trapping under the gate 24 for the right 
bit 
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A description of what occurs during progranuning is presented first followed by 
what occurs during reading. Note that the description that follows also patains to the 
memory cell of Figure 3 comprising the sUicon dioxide layer 54 having biiried poly silicon 
islands 57 substituting for the nitride layer 20 of Figure 2. During progiainmirig, hot 
electrons are injected into the nitride layer 20, as desoribed above. Smce the nitride 20 is a 
nonconductor, the tr^ped charge remams localized to the region neaor the drain 34 (Figure 
5A) or 16 (Figure 5B). The region of tr^ped charge is indicated by the cross hatched area 
66 in Figure 5A and by the cross hatched area 68 in Figure 5B. Thus, the threshold voltage 
rises, for example, to approximately 4 V, only in the porfioh of the channel under the 
trapped charge. The threshold voltage of the remainder of the dharmel under ihe gate 
remains at, for example, approximately IV. If the device is now read in the (Conventional 
forward direction (i.e., voltages are applied to the gate and drain as mdicated by the arrow 
in Figure 5A), electrons move off tiie source and begin traveling toward the draiii. When a 
logic 'O* is programmed, there can be little or no channel currmt through the device when it 
is read. Thus, only if a suflBcient portion of the charmel is turned off, can the electtdii 
current be stopped. If the channel cannot be completely turned off, the electrons will reach 
the drain. Whether the electrons readi the drain will be deteimin«i by, aihong other 
things, the length of the trapping area. If the mraiory cell is pfbgrammed for a siifficienitly 
long period, eventually, the diaimei stops conducting when read in the forward direction. 
If the trapped charge region (the programnied area) 66 (Figure 5A) is not Ibrig eribugh, 
electrons can punch through to the drain 34 in the depletion region under the trapped 
charge 66. 
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Whoi the device is read in the forward direction, a voltage is applied to the drain 

and tiie gate, for example 2V and 3V,- respectively, and the source is grounded. Full 
inversion occurs in flie channel under the area of the nitride 38 that does not have trapped 
charge. A vertical electric field exists in the channel that spans the length of the channel up 
to the region of the channel underneath the trapped charge 66. In the inversion region, 
electrons travel in a linear fiashion up to the edge 35 of the inversion region which is 
beneath the left edge 35 of thie trapped charge region 66. This is indicated by the line 
shown in the channel region in Figure 5A that extends from the source to just beneath the 
edge 33 of the region of trapped charge 66. Due the feet that the device is in inversion (i.e., 
the channel is in a conduictive state), the potential in the inversion layer is pinned to ground 
potential because, the soxirce is grounded. The voltage in the inverted channel near the 
trapped charge (Le.j just to the left of the right edge 35 of the channel inversion region) is 
approximately zero. Thus, the voltage across the region of trapped charge is close to the 
ftill drain pot^itial of 2 Y. Due to the drain potential across the channel r^on beneath the 
trapped charge 66 some of the electrons punch through across the trapped region to the 
drain, resulting in a channel current. 

The diagonal line under the chaxmel in Figures 2 and 5 A indicate the reduction 
in the number of electrons in the charmel as a ftinction of channel distance. The channel 
region und^ the trapped charge is off (i.e., not inverted) due to the high threshold voltage 
required to invert this region under the trapped charge. However, the chaxmel region inside 
the dashed circle 23 in Figure 2 and under the region 66 in Figme 5 A is a depletion region 
because the device is in satuiation (a device will be in saturation whra V^s, the voltage 
from drain to source, is higher thaii Vj^sat^ saturation voltage). Due to the voltage on 
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the drain 34, a lateral electric field exists in this portion of the channel under region 66. As 
a result of this lateral electric field, any electrbii airiving at the edge of the depletion region 
will be swept through arid pulled to the drain 34. As described earlier, this phenomena is 
called punch through. Pimch fhiough occurs if the lateral electric field is strong enough to 
draw electrons thrbiigh to the dram, regardless of fee threshold level. lii order to prevent 
punch through firbrii occurring during a read, the prior art riiernory cells require a much 
longer programming tirhe than does the rneriiory cell of this mventibn because the prior art 
memory cells are read in the forward diiectioiL As the memory device is programmed for 
a longer and loiiger time, iriore and more electrons aire injected iirto the nitride, mcreasing 
the lengfli of the programiried portion 66 (Fig. 5 A) of the channel. The memory cell must 
be programmed fbf an amotmt of tiirie that yields a trapped charge region 66 of sufiBcient 
lengfli to eliminate the ptmch through of electroriS. When this occurs, the liateral electric 
field is too weak for electrons to punch through to the drairi under normal operating 
oonditibm. As an example, for the ttoeshdld voltage equailizig 3 V during read in the 
forward direction. Fig. 4 ^ows that at programming time of approximately 3 milliseconds 
is required. 

Reading in the Reverse Direction 

However, if fte flash EEPROM memory cell lO (Figiife 5B) is read in the 
reverse direction, a very different scenario exists. Reading in the reverse directibn nieans 
reading in a direction opposite that of prograrnming. In other words, voltages are applied 
to the source 14 and the gate 24 and the drain 16 is grounded. Similar to ttie prior art 
memory device of Figure 5A, the memory device of Figure 5B is prbgramined in the 
forward direction by injecting hot electrons into region 68 of the nitride layer. 20. Sirice 
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nitride 20 is a noncondurfiP the Happed diarge remains localized to t^Wgjon near the 
drain, for the right bit, for example. The left bit is similar except thai source and drain 
functionality are reversed. The region of trapped charge is indicated by the cross hatched 
area 68 in Figure 5B. Thus, the threshold voltage rises, for example, to approximately 4V 
only in the portion of the channel under flxe trapped charge 68. The threshold voltage of 
the remainder of the channel remaiiis at, for example, ^jproximately 1 V. 

To read the right bit of the device of Figure 5B in the reverse direction, a voltage 
is applied to the source 14 and the gate 24, for example 2V and 3V, respectively, and the 
drain 16 is grounded. A m^or difference between reading in the forward direction and 
reading in the revwse direction is that whem reading in the reverse direction, the gate 
voltage required to put the channel of the memory device into inversion increases 
significantly. For the same appfied gate voltage of 3V, for example, fliere will be no 
inversion but rather tiie channel of the memory device will be in depletion. The reason for 
this is tiiatthe channel region next to the drain 16 (which functions as tiie source in read) is 
not inverted due to the electron dwrge in region 68 of the nitride 20. The diannd adjacent 
the source 14 (which functions as the drain in read) is not inverted because 2V is ^plied to 
Ae source 14 and the channd, to be invwted, must be inverted relative to 2 V. In tiie case 
of reading in the revase direction, m ordea: to sustam a hi^er voltage in the diannel, a 
much wider depletion region must be sustained. A wider depletion region translates to 
more fixed charge that must be compeDsatBd for before Hi&s can be inversion. "Whoi 
reading in the reverse direction in accordance with the present invention, to achieve a 
voltage drop across the charge trapping region 66 of ihe prior art memory device shown in 
Figure 5A sinular to the voltage drop achieved when reading the same device in the 
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forward direction, a higher gate voltage is required, for example, 4 V. Tins is iii contrast to 
the prior art memory device where the source was grounded and a lower gate vbltage wias 
required to invert the channel. In the memory device of the present invention, i much 
higher gate voltage is required to pin the voltage in the channel to a higher voltage, i.e., the 
2V that is applied to the source traninal rather than ground. In other words, the present 
invention recognizes and takes advantage of flie fact that for the same inagnitude potential 
across the drain and the source, the voltage aorbss the pbrtioii 6f tiie channd under the 
trapped charge region 68 (Figure 5B) is significantly reduced when reading occurs in a 
reverse direction to writing (programming) directly resulting in less puiich ^ough and 
greater impact of the programming charge injected in region 68 of the nitride layer 20 
(Figure 5B) on the threshold voltage of the transistor. As an example, for the threshold 
voltage Vt equaling 3v during reverse read. Fig. 4 shows that a prograxnniing tirhe of 
approximately 2 microseconds is required. This prbgrammiiig time is three orders of 
magnitude less than the programming tuiie requmsd for the same threshold vbltage when 
the cell is read in the forward direction. 

In the prior art, memory cells utilizing the ONO structure have had difQctilty 
retaining the localized charge in the nitride layer. This is because siich menioiy cells are 
programmed in a first forward direction and then read iii "die s^e directibiL The reading 
of the programmed cell in the forwaird directioii requires a significant ambuiit of charge to 
be stored on the nitride to provide the desired increase m threshold voKagg associate with 
the programmed cell. However, in suicordance with this invention, by reading in the 
reverse direction, significantly less charge is required td be stored on the nitride to achieve 
the same iricrease in ihreshold voltage iii a prdgramnied celL Fig. 4 shows the difference in 
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charge (measured as a iimroon of programming time required to achiev^^iven threshold 

voltage Vt) for reading in the reverse direction versus the forward direction. In the prior 
art, the charge retention in a localized region of the silicon nitride layer was difiBcult if not 
impossible to achieve because the lateral electric field generated by the charge dispersed 
the charge laterally in the nitride laya:. Sxich dispersion particularly occurred during the 
high temperature retention bake required for quality control and reliability. The high 
temperature retention bake typically requires temperatures between 150 degrees Centigrade 
to 250 degrees Centigrade for at least 12 to 24 hours. The charge in the prior art devices 
typically dispersed through, the nitride during the high temperature bake causing the 
pa:f6rmance of prior art devicies tising the nitride lay^* as a charge retention material to be 
less thaii satisfactory. Accordingly, prior art devices that use the nitride layer for charge 
retention are not widely used In addition, charge stored on the nitride layer in prior art 
memory cells is particularly prone to lateral diflEusion and dispersion through the nitride 
layer in response to the retention bake due to the internal fields causing wliat is known as 
electron hopping. The phenomraia of electron hopping is exponentially dependent on the 
field strength. In the case of charge in the nitride. layer the internally generated electric 
field is directly related to the amount of charge stored on the nitride layer. Because 
electron hoppiiig is exponentially dependent upon the electric field strength, the additiorial 
charge required to obtain a given tiireshold voltage change or shift when the memory cell is 
read in the same direction as it was pDgrammed causes a very significant chaise in the 
charge distribution in the nitride layer. This change in the charge distribution seriously 
degrades the tiueshold voltage fiom the intended (i.e., design) threshold volt2ige. 
Consequentiy, prior art ONO devices have not been successfiil. 
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In accoidance with the preseiit inventibii, by reading the memory cell iri the 

reverse direction from which the memoiy ceU is prbgrammed, the arttoiiiit of charge 
required to achieve a given threshold voltage is reduced in stome cases by a factor of two or 
three times the amotmt of charge rekiiiired to obtaiii the same threshold voltage shift whesi 
the memory cell is read in the forwaid direction. Accordingly, the internal eilectric fields 
generated by the charge in the nitride when the memoiy cell is. to be read iri tile reverse 
direction are much less than the internal electric fields associiated with the charge stored on 
the nitride when the memory cell is to be read in the forward direction. Consequently 
electron hopping is exponentiiiliy reduced and the small amotint of charge stored in the 
nitride does not disperse laterally through the nitride due to the internally self generated 
electric fields even during retentioii bake. Consequently, the mernory cell of the present 
invention does not suffer the degradation iri performance and reliability of prior art ONO 
memory cells which are programmed md r^^ 

Sample Flash EEPROM Device Data 

Data obtained fi»m flash EEPROM devices constructed ih accordance with the 
present invention will now be presented to help illustrate the priricipfles of operatidri 
thereof. A graph illustrating the difference in threshold voltiage in the forward and reverse 
directions as a function of drain voltage for a flash EEPROM cell of ihe preseait iriventibn 
that has been previously programmed is shown ih Figure 6. The memory cell used to 
obtain the data presented in Figures 6, 7 and 8 was constructed with a totficim oxiife layer 
1 8, a top oxide 22 and a nitride layer 20, each 100 Angstroms thick, the drawn width of 
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the channel measures O.^rocrons and the drawn length of the chanx^roeasures 0.65 

microns. 

While reading in the forward direction, the threshold voltage is approximately 
the same as the threshold voltage when reading in the reverse direction for low drain 
voltages. At low drain voltages there is insufficient potential for punch through to occur. 
However, as the drain voltage incn-eases while reading in the forward direction, the punch 
through region increases resulting in lower threshold voltage. At a high enough drain 
voltage, the entire portion of the channel under the trapped charge in region 68 of nitride 
layer 20 (Figure 5B) is punched through and the threshold voltage levels off at the original 
threshold voltage of the channel. 

However, while reading in tiie reverse direction, the versus Vj,) curve appears 
to follow the V, versus VD curve while reading in the forward dfrection at low drain 
voltages. Howeveti the ciirves r^idly diverge for higher drain voltages and the threshold 
voltage for reading in the reverse direction levels ofif at approximately 4V. At a gate 
voltage Vg of approximately 4V and a drain voltage of 1.2V, the device has reached 
saturation (Vdsat)- this gate voltage, any further increase in \^ cannot be transferred 
through flie invmibn layor tiiiis establishing the maximum potential drop across the 
portiori of the channel beneath the charge trapping region 68. Ihe Vy then becomes 
independent of fiirther increases in V^. For example, at a drain voltage of 1.6V, the 
dififesrence in Vj betweeii reverse and forward read is almost 2V. 

A graph illiistrating the difference in draiii current in the forward arid reverse 
directions as a function of drain voltage for a flash EEPROM cell of the present urvention 
tiiat has been programmed is shown in Figure 7. In Figure 7, rather than measure threshold 
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voltage, the drain cuixtaitlRieasured whUei keeping the gate voltage ^Stant. In the 

forward direction, as expected, the drain current Id increases as the drain voltage Vp 
increases. The curve labeled FORWARD also resembles the lo curve for reading an 
unprogrammed cell in the reverse direction. 

The drain currant vA^e reading in the reverse durection also mcreases with 
increasing drain voltage (measrnred at the source which fiinbtions as fiie drain when reading 
in the reveree dnectidri) but the drain current levels off at a much lower current than wheal 
reading in ttie forward du^ctioiL The difference between drain currents at a Vr> of 2V is on 
the order of approximately 1000 times. If the logic threshold for this memory cell is set to 
10 ^lA, the forward curve can represent a logic '0' and the reverse curve a logic T. 
The Voltage Vx in the Channel 

The voltage Vx is defined as the voltage in the channel at a distance X firom the 
source. Using the example presented above, the voltage Vx that e^dsts m the diannel of the 
memory cell of the present invention (Figure 5B, for example) will not be 2V because the 
device is in depletion rnther than inversion. On the othCT hand^ the voltage Vx must be 
larger than 0 because a gate voltage of only 1 .5V is .able to sustam approximately 0.4V in 
the channel. The actual Voltage in the channel varies across tiie chaimel length because of 
the lat^al electric field set up between the* source and the draiiu The threshold voltage, 
however, varies as a function of the voltage in the channel. 

With reference to Figure 5B, the channel will be in saturation as long as the gate 
voltage Vg is higher than the threshold voltage V^ and the voltage Vx at any point in the 
charinel i^ giveli by 

Vx = Vps^y 
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with 



and 



Vt(Vx) = Vt^ + AV^x) 



As is shown in tiie above equations, the threshold voltege in the channel is equal 
to the threshold voltage with the source at zero potential plus a delta threshold voltage 
A Vt vdiich is itself a function of the voltage in the channel. 

The leakage current through the channel under the region 68 of trapped charge, 
plotted as a function of the voltage Vtc» across the portion of the channel under the charge 
trapping region 68 while reading in the reverse dnection, is shown m Figure 9. From the 
graph, one can see that the approxrmate leakage current II through the channel when Vtc is 
2y is 10"^ A. In the case of the prior art memory cell read in the forward direction, the 
voltage across the portion of the channel under region 68 of trapped charge is 
^^proximately 2V. In contrast, the voltage Vx in the channel of the memory device of the 
present invention at location 27 beneath the edge 25 of the region 68 of trapped charge is 
not 2V but something less, IV for example. The leakage current II corresponding to IV 
aCTDSs the trapped charge re^on is approximately 10'^ A, a whole two orders of magnitude 



smaller. 



. Of importance, die edge of the region of trapped charge formed in the nitride 
layer during programming is the portion of the trapped charge that begins to afiGsct the gate 
voltage required to mvcrt the channel beneath that poinL 



A graph illustrating the gate voltage required to sustain a given voltage m the 
channel, Vy, spanning the distance from the drain to the edge 27 of the channel under the 
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edge 25 of the charge tnq)ping area for one of the two bits while reading in the reverse 
direction is shown in Figure 10. The gate voltage Vo that is required to sustain a particular 
Vx at the point 27 in the channel under the edge 25 of the charge trapping area 68 (Figure 
5B) is a function of the number of acceptors in the substrate and the thickness of the 
oxide Tox and is represented by the dashed/dotted line. The solid line represents the 
threshold voltage in the diannel that exists vHien the back bias effect on the threshold 
voltage is zero. In this case, the threshold voltage is constant along the entire chamieL 
However, once there is a voltage in the channel, the threshold voltage is not constant along 
the channel. As shown in the graph, the threshold voltage mcreases nonlinearly as the 
voltage in the channel increases. The relationship between tiie incranental iHcrfease in 
threshold voltage as a fimction of channel voltage is weU known in the art. A more 
detailed discussion of this relationship can be found m Chz^iter 2 of "The Design and 
Analysis of VLSI Circuits" by LA. Glasser and D.W. Dobberpuhl, incorporated ha^ by 
refer^ice. 

It is important to emphasize that the advantages and benefits of reading in the 
reverse direction are adiieved only whrai comtaned with the use of relatively low gate 
voltages. For a particular drain voltage, e.g., 2V, applying a high enough siich as 5V, 
for exanq)le, causes the diflBsreaices m tiireshold voltages betwreen forward and reverse 
reading to fede, A graph iUustrating the effect of the gate vohage Vq ^Ued during 
reading on the difference in drain current Ip between reading m the forward directiaQ 
versus reading in the reverse direction for one of the two bits is shown in Figure 1 1. The 
reverse Vt of the device used to generate the curves in the Figure is 3.5V. From Figure 1 1 
it can be seen tiiat as Vq is mcreased while Vp is kept constant, the Id curves for the reverse 
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read begin to resemble toSurves for the forward read. For exampl^omparmg the 
forward and reverse read curves when Vq equals 2.5V shows the read current in the reverse 
direction bemg about four orders of magnitude lower. At a gate voltage Vq of 3V, the 
diffetaice in read current between the forward and reverse directions drops to a little more 
than two orders of magnitude. At a gate voltage of 5V, the difference in read current is 
only approximately 15%. These curves clearly show that large differences in between 
the forward and revise read duections are only obtained vAieaa. Vq is chosen to be low 
enough. Thus, the benefits of reading in the reverse direction are only adiieved when 
suitably low gate voltages are used for reading. There is an optimum range within which 
Vo should lie. If Vq is too low, insuffident current is developed in the channel. On the 
other hand, if Vq is chosen too high, the differences between reading in the reverse and 
forward directions are greatly diminished. 

A gn^ih illustrating the eflfect of the gate voltage on the difference m tineshold 
voltage between the forward and reverse directions is shown in Figure 12. The device used 
to generate the curves in Figure 12 was programmed once to a Vt of 3.5V using a V^ of 
1.6V and an Ito of I nA. The V^ as. a function of Vd during reading was subsequently 
measured. As labeled in Figure 12, the level for the lower two curves is 1 nA, and is 40 
|iA for the upper two curves. The effect of raising the It„ is to force the Vt, measurement 
to be at a higher Vq level even Ihou^ the amount of charge trapped in the silicon nitride 
layer is identical for all measurements. For the lower two curves (I™ of 1 \iA) the forward 
and revase threshold voltages start to separate from each otiier at a Vd of approximately 50 
mV while the Vt, for the revierse saturates at approximately 0.6 V. For the upper two 
curves (Im of 40 |jA) the fonvard and reverse threshold voltages start to separate from each 
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Other at a Vd of approximately 50 mV while the V^, for the reverse saturates at 
appTOximately 0.6V. For the upper two curves (ETH of 40 pA) the forward and reverse 
threshold voltages start to separate fix>in each other at a of approxiinately 0.35V while 
the Vj for the reverse saturates at ^proximately 1.35V. th\as, these curves clearly show 
that the effect of the trapped charge depends heavily on the choice of V^. 

Programming the Two Bit Cell 

With reference to Figure 2, programming the two bit EEPROM cell of the 
present invention will now be described- In programming the two bit cell, each bit, i.e., the 
left and right bit, is treated as ifthe device was a smgle bit device. In otiier words, both the 
left and right bits are programmed as described in the section entitled "Programming One 
Bit m the Forward Direction." For the right bit, for example, programming voltages are 
applied to the gate 24 and drain 16 and hot electrons are injected into and trapped iii the 
charge trapping layer 20 in the region near the drain defined by the dashed circle 23. 
Correspondingly, the threshold voltage of the portion of the charmel under the tr^ped 
cdaarge in^eases as more and more electrons are injected into the nitride layer. The 
progranmimg of the Tight bit is represented in Figure 2 by the right-pointing arrow labeled 
•PROGRAM.' This arrow represents the flow of electrons to the right during prograinming 
ofthe right bit 

Similarly, the left bit is programmed by applying programming voltagies to the 
gate 24 and source 14, which now functions as the drain for the left bit. Hot electrons are 
injected into and trapped in the charge trapping layer 20 m the region defined by the 
dashed circle 21. The threshold voltage of the portion of the channel under the trapped 
charge comprising the left bit increases as more and more electrons are injected into the 
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nitride layer. The prof^iming of the left bit is rq>resehted in^^^ 2 by the 
left-pointing.aiTOW labeled TROGRAMl' This airow represents the flow of electrons to 
the left during programming of the left bit 

A graph illustrating the effect programming one of the bits has on the other bit 
which has not been previously programmed is shown in Figure 13, In this particular 
example, the right bit is shown being programmed while the left bit is read. The threshold 
voltage Vt for the right bit assumes that the right bit is read in the reverse direction to the 
programmmg direction. Thus the threshold voltage for a progranuned left bit will be 
relatively low compared to the threshold voltage for the right bit and thus the state of the 
right bit can be read without interference fiom the left bit It is clear from the curves that 
during programming of the right bit, tiie unprogrammed left bit remains unprogrammed. 
This graph also illustrates the read through of the programmed right bit in ord«: to perform 
areadoftheleftbit 

A giaph illustrating the efBsct progiamming one of the bits has on the other bit 
which has been previously piograinmed is diown in Figure Ttis gr^h was gmerated 
m two passes. Each purve is labeled either PASS #1 .or PASS #2. During the first pass, the 
right bit was programmed while reading the ui?>rogrammed left bit, as shown by the curves 
labeled RIGHT BIT-PASS #1 and LEFT BIT-PASS #1. These curves are sunilar to tiie 
curves of Figure 13. During the second pass, once the right bit is programmed, the left bit, 
previously unprogrammed^ is now programmed At the sanie time, the right bit is read. 
The second pass is represented by the curves RIGHT BIT-PASS #2 and LEFT BIT-PASS 
#2-. 
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As shown in Figure 14, during the first pass, the left bit remains miprogrammed 
during the programming of fee right bit Pfogrammihg the right bit does not affect the 
unprogiammed left bit E)uring the second pass, the left bit is programmed and the right bit 
remains programmed and can stQl be read. The gate voltiage during prdgranuiiing is 
sufficiently high (typically around lOV) th^t the programmed right bit does not liitCTfere 
with the programmmg of the left bit except to increase somewhat the time required to reach 
a given threshold voltage relative to the time required to reach the same threshold voltage 
for the right bit ^en the right bit is prograimried. The graph also shows that the right bit 
can be programmed through during programmiiig of the left bit Further, the prbgraimning 
of the left bit does not disturb the programmed right bit This is possible beciause program 
through (Le. the programming of the one bit substantially without interference from the 
other bit when the other bit is programmed) and read through (Le. the reading of one bit 
without interference from the other bit when the oflier bit is programmed) occurs through 
both the left and the right bits. 

Program through and read through are possible due to the relatively low gate 
voltages required to, turn on each prdgramined bit when reiad in flie forward direction as 
occurs v^iien the other bit is read to the rweisedii©^ Another way to look at this is 
that a narrow charge trapping region permits punch through to be niore effective. Thus the 
gmall amount of cdiarge 68 trapped oh tiie right edge of charge trapping layer 20 (Figure 
15) and self-aligned with Ihe junction betweeni region 16 and the substrate 12 and a 
comparable amoxmt of diarge 7ff tr^ed on the left edge of enlarge trapping layer 20 and 
self-aligned with the junction between region 14 and the substrate 12 cause a narrow 
charge trapping region to be formed at both the right side and the left side of charge 
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tr^ping layer 20 v^Wch is easy to be punched through when the bit is read in the forward 
diiection. Thus y/hsai left bit 70 (flie chargie trappmg region 70 is refeiied to as a bit 
because the presence or absence of charge in region 70 would represent either a zero or a 
one) is read in the forward direction, bit 68 is being read in the reverse direction. The 
punch-through under charge trap region 70 is quite easily achieved with a low gate voltage 
thereby allowing the charge tr^ped in bit 68 to control the state of the signal read out of 
the device. Thus for equal amounts of charge trapped in regions 70 and 68, reading a bit in 
the reverse direction resxilts in the opposite bit having no effect on the state of the signal 
being read 

Another reason that the bit not being programmed is not disturbed is that tiie 
programming voltage is not being applied to the drain for the bit previously programmed. 
When piDgramming the afhcr bit, the programming voltage is applied to the drain for the 
bit on the other side of the device. 

As discussed earlier, the programming duration must be limited for each bit in 
order that the other bit can still be read^ For example, in the case when the ri^t bit is 
programmed, i.e^ a Ipgic *0\ and the left bit is not programmed, i.e., a logic T, if the right 
bit was programmed for too long a time theii when the left bit is read, there may be 
insuf&cient current for the sensQ amps to detect a logic *1' because the channel is not 
suffidetitly conductivcv In oth^ words, if the ri^t bit is programmed too long, a left logic 
T bit becomes slower, i.e., takes longer to read due to lower channel current, or, in the 
worst case, may appear to be a logic '0' because the over-programmed ri^t bit prevents the 
left bit from being read. Thus, a window exists in the programming time within which a 
logic *0* bit m\jst fall. One of the variable parameters is the voltage that is applied to the 
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functional drain region during read. As the dmifi voltage is increased, a Idiiga: 

programming time, i.e., longer area of trapped charge, is required in order iii avoid punfih 

through. Thus, a longer trapping region is equivalent to ificreaahg the programming time. 

The upper limit of tiie programming time for the window is tKe jnragiamming time such 

tiiat a forward read does not change tiie reid current by mOfe than a piedeteifmihed 

percentage compared to the riead current fbr a reverse read; fteferably, the percetiSage 

change to the read current should be limited to 10%. This percentege, although n6t 

arbitrary, can be optimized according to the design goals of the Chip desigiier. For 

example, a designer may wish to have tiiree orders of magnitude margin between the 

threshold voltage of a forward read and the tiireshold for a reverse read. To achieve this, 

the gate voltage, drain voltage and iniplant level are all at^usted accordingly to deterinine & 

ma->HTnnm prog rammin B time. 

The effect of prograimmng one of tiie bits is that both piograi^^ 

for the second bit is slowed somew4iat The second bit caii be programmed as long as tiie 

gate voltage during programming is higher flian the threshold voltagfe of the channel with 

tiie first bit programmed and sofifidOTt voltage is placed oii the draia. The cimml 

resistance, howw^er, is raised due to the prbgramnairig of the fist bit As long as 

programming parameters are timed prOiJerly, the higher chamiel resistance dOes hot prevebt 

Has second bit fibm bang progratnifled' and read. The higfaa: diaiindl resistance, hdwe^, 

does cause programming and reading of tiie second bit to take lOngCT. 
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Reading the Two Bit Memoiy Cell 

Reading the two bit EEPROM cell of the present invention will now be 
described. In reading the two bit cell, as in progrmiming, each bit is treated as if the 
device was a single bit device. A sectional view of a two bit EEPROM ceU constructed in 
accordance with a piefisrred embodiment of the present invention showing the area of 
charge topping under the gate? for both the right and the left bits is shown m Figure 15. 
The area of trapping for the right bit is referenced 68 and that of the leift bit is referenced 
70. Also shown in Figure 15 are two arrows labeled "READ', one pomted in the left 
direction indicating, the direction for readmg of the right bit and one pointed in the right 
direction indicating the direction for reading of the left bit. 

As desqribed in the section entitied "Reading One Bit in tiie Reverse Direction" 
the right bit is read in the reverse dhrection by applying read volt^es to the source 14 and 
the gate 24 and grounding the drain 16. For example, a gate voltage of 3V and a source 
voltage of 2V is applied. The resulting voltage m tiie channel will be something less 
than two volts in accordance with the graph in Figure 1 0 and as descaibed in detail above. 
Similarly, to read thp left bit m the reverse direction, read voltages are applied to the gate 
24 and to the drain 16 and the source 14 is grounded, e.g., 3V on the gale and 2V on the 
drain. 

A graph illustrating the effect of a low drain voltage on the read thrpugji of a 
programmed bit is shown in Figure 16. This graph is similar to that of Figure 14 witii the 
addition of the top two curves above 5.1V. The four lower curves were generated using a 
of 1 .6V. The two upper curves were generated by reading the unprogrammed bit after 
the other bit was programmed using a Vp of 50 mV. These curves show that if Vd is made 
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too low and the first bit is programmed, insirfficient voltage exists in the channel for read 
through to occur, they also show that the second bit to be pidgrammed^ in this case the 
left bit, experiences slower, programming diie to the. increased series resistance of the 
channel. Even if the second bit is unfrogrammed, v^eri thei drain voltage is too low and 
the first bit is programmedi, the second bit cannot be read properly. Insufficient voltage 
exists in order for punch througji to occur. If pftinch though does not occurs the second bit 
looks as it is progranmed whether it rediy is 6 

Punch throu^ is very sensitive to the length of the trapped charge region, such 
as r^ons 68 and 70 of the structure shown in. iFig. 15; Should fliese regions be too wide or 
not self-aUgned with the appropriate region 16 of 14 (depending on whether the charge 
represents the ri^t bit 68 or the left bit 70), then punch through would not be able to be 
guaranteed to occur and this concept would not wbric. Hius, the self-^alignment of the 
tipped charge to the junction between region 16 and the siibstrate (for the trapped charge 
68) and region 14 and flie substrate (for the trapped chatge region 70) is CTiicial to flie 
functioning of this invention. 

A read df^the two bit nicmory deviciB of .flie present iiiyeiition fells into one of 
three cases: (1) neiflief of the two bits arc prograiinmed (2) one of the hits is programmed 
and the other is not or (3) both of the bits are programmed. The first case does not require 
a read tiirougL llie second case reqiiifes reiading through the prograoDbmed bit to read the 
unprogrammed bit m fliis case the margiii is 

forward duectibn versus the reverse din^tioi^ An example of the rnaigm can be seen in 
Figures 6 and 7 v^ch illustrate the diffirarice ifi Vt and read current between the forward 
and the reverse directibhs for a single bit 
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The thiid case requires read through to read both prograromed bits. 
Programming the second bit, in fact, improves the conditions for reading tiie first bit This 
is so because the voltage in fee chamiel is further reduced over the case of reading a single 
bit. This inoreases the read margins between programmed and urprogrammed bits. 

It is important to note that although the EEPROM cell of the present invention 
stores two bits, support circuitry and concepts designed to work with single bit memory 
cells can still be used. For example, tiie sense amplifier circuitry needed for the two bit 
memory cell is basically no different than that for the single bit memory cell. In the single 
bit memoiy cell, the saise amplifier circuitry is required to distinguish between two states, 
the programmed and unprogrammed states. Likewise, in the two bit memory cell of the 
present invention, the sense amplifiers must also distinguish between only two states: 
programmed and unprogrammed. This is m direct contrast to the prior ait approaches to 
multir-bit memoiy cells wherein multiple thresholds are used which require multiple current 
levels to be detected by the sense amps. Accurately detecting multiple current levels in a 
memory device is a complex and difficult task to accomplish. The memory cell of the 
present invaition, hpwever, requires that the sens© amps only distinguish between two 
states as in the single bit memoiy cell. 

In the case when one of the bits is unprogrammed, i.e., no charge injected into 
charge trapping layer for that bit, a read of the other bit will be unaffected by this 
unprogrammed bit On the other hand, however, in the case when one bit is programmed, 
a read of the other bit will be affected by this other progranMned bit to some extent 
Depending on various process parameters, the programmed bit may cause the channel to be 
less conductive. However, as long as the channel is sufficiently conductive both bits can 
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be still be programmed and read correctly. This is discussed in more detail iii the section 
titled "Optimization Parameters" presented below. 

with reference to Figure 15, the two bit memory device of the presefit invention 
utilizes a punch through or read through technique to reayd oiie bit when the other bit is iii a 

5 programmed state. In order to read, for example, the right bit 68, the read ctirrent must be 
able to read through or punch through the left bit 70, assuming that both the left bit and the 
right bit have been prograimned. Thus, there is a limit on the length of the charge trapping 
region that can be programmed. The charge trapping region naust be ^hort endiigh to 
permit punch through of the bit not being read. If a bit is in the unprogramined state, there 

10 is no constraint on the read current of the other bit from the unpf ogranimed bit. 

It is important to note thiat when a seinicdnductor device is scaled^ the chariinel 
lengths beconie shorter and short channel effects take hold. Thus, in the two bit rrieniory 
cell, because each bit is stored in different areas of the toinsistor, short chaxmel effects inay 
become prevalent soon«" than in the case of the single bit transistor. In order to retsaiil the 

15 usable range of drain voltage, th6 two bit trainsistor niay lieed to h6 scaled by a sinallef 
£ict6r. 

Criteria Necessary For Two Bit Operation 

A key concept associated with the two bit EEPROM memory cell of the present 
invention is that for the device to operate properly, both bits must be able to be written and 
20 read. If one of the bits is prograxiimed, a reverse read on the programmed bit must seiise a 
high V^, i.e., a '0' and a reverse read on the unprogrammed bit must sense a low Vj, i.e., a 
'r. Thus, a reverse read on the unprogrammed bit, winch is equivalent to a forward read 
on the programmed bit, must punch through the region of trz^ed charge in order to 
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generate a high enough read current^ If this does not happen, the unprogrammed bit will 
not be able to be read as a T, i.e., a conductive bit 

. In order to achieve this goal, a sufficient margin is generated between reading in 
the forward and reverse directions.. With reference to Figure 1 1, in order to store two bits, 
there must be sufficient diflference between forward read of one of the bits and reverse read 
of "ttie other bit. In addition, the reverse read current for one of the bits when the other bit is 
and is not programmed should be sufficient to distinguish between the two bits. For 
example, in Figure 11, for a gate voltage of 3 V, punch through for reading in the reverse 
direction occurs at approximately IV. Thus, a drain voltage of 1.6V creates a suitable . 
safety margin ensuring that the second bit can be read when the first bit is programmed. 

There are two parameters that can be used to ensure punch through of the charge 
trapping regiorL The first is the V©, applied during reading and the second is the width of 
the diarge trapping regioxi. A low Vq used during reading combmed with a narrow charge 
trapping region makes punch through more eflFective. The lower gate voltage produces a 
weaker vertical electric field which causes the lateral electric field to be stronger. 

It is more* important to use a low Vq duris^ reading in the two bit memory cell 
than in the single bit memory celL In the single bit case, it only had to be ensured that the 
reverse read was better than the forward read, meaning that the Vj of a given bit during 
fi)rward reading was lower than the V,. of this bit during reverse reading. In the two bit 
case, however, it . is not enough that the drops in the forward case, it must drop 
sufficiently to be able to pxmch through when reading the other bit If the delta between 
the forward and reverse read i$ riot sufficient, one bit cannot be read when the other bit is 
programmed. 
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Erasing Prior Art Memory Devices 

As discussed previously in connection with U.S. Patent No. 4,1 73,766, issued to 
Hayes, a major disadvantage of the Hayes prior art insulated gate device is the difficulty in 
using the Hayes device to construct a flash EEPROM. A cohsequence of using an 
oxide-nitride structure as opposed to an oxide-nitride-oxide stnictuie is that durihig 
programming the charge gets distributed across the entire nitride layer. Tfhe absence of the 
top oxide layer lowers the ability to control where the charge is stored in the nitride layer 
and allows holes from the gate to neutralize charge in the nitride layer: A thick nitride 
layer is required in order to generate suflScient charge retention in the device. However, 
the relatively thick nitride layer causes the charge trapping regiori to be very wide thus 
making erasing the cell difi&cult if not impossible. Thus there is a tradeoff between charge 
retention and sufiBcientiy large threshold voltage deltas bn the one hand and the ability to 
erase the device on the other hand. 

Some of the prior art devices that use hot electron prog ranitning utilize an erase 
mechanisnl whereby the electrons previously trapped in the mtride are rieutraliized (i,e., 
erased) by transfraing holes into the nitride. The informatioii is erased by grounding the 
gate and appljnng a sufficient potatitial to the drain to cause avalanche breakdown. 
Avalanche breakdown involves hot hole injection and requires relatively high voltages on 
the drain for the phenomena to occur. The hot holes are generated and caused to juihp over 
the hole potential barrier of tifie bottom oxide between the chamd and the nitfide and 
recombine with the electrons in the nitride, this liieschaiiism, however, is very complex 
and it is diflBcult to construct memory devices that work in this manner. Another 
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disadvantage of using hot hole injection for erasing is that since the drain/substrate junction 
is in breakdownj very large currmts are generated that are difiBcult to control. Furfher, the 
number of program/erase cycles that the memory ceil can sustain is limited because the 
breakdown damages the jimction area. The damage is caused by very high local 
temperatures generated in the vicinity of the junction when it is in breakdown. 

Erasittg thei Twtf Bit Meiiidiy Cell 

The erase mechanism of the two bit flash EEPROM memory cell 10 (Figure 15) 
will now be desdibed in more detail. The mechamsm used to erase the two bit flash 
EEPROM memory cell of the present invention involves the movement of electrons as 
opposed to 46 movement of holes. For the right bit, an erase is performed by removing 
electrons from the cterge tipping nitride region 68 either through the gate 24 via the top 
oxide 22 or through the drain 16 via the bottom oxide 18. For the left bit, an erase is 
p^ormed by rCTioviiaLg electrons froih the charge trapping nitride regiori 70 either through 
the gate 24 via the top ojdde 22 or through the source 14 via flie bottoin oxide 1 8. 

Using the right bit as aii example, one technique of erasing is to sirnultaneously 
apply ^ negative potixitiai to the gate 24 and a positive potential to the drain 16 such that 
electron tunhelirlg occurs from the charge trapping nitride layer 20 to the drain 16 vi^ the 
bottoin oxide 1 8 . The left bit is erased in a similar &shion except that a positive potential 
is applied to the Source 14 rather than the drain 16. The electron tunneling is substantially 
confined to a local area near the drain 16^ To facilitate the erasing of the? mmiory cell 10 
usiiig this techniqiie, the thicloiesis of ttifc bottorn oxide layo- 1 8 is suitably constructed (i.e., 
has a thickness of abottt seventy (70) Angstronls), to optimize the removal of electrons 
from the nitride charge tr^>ping layer 20 into the drain 16. 
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Using flie right bit as an example, a second well kiiowri technique is to 
simultaneously apply a positive voltage potential to the gate 24 and zero potoitial, i.e., 
ground, to Ihe drain 16 such that electron tunneling dcciirs from the charge trapping nitride 
layer 20 through the top oxide 22 to the gate 24. The right bit is erased in a similar feshibii 
with zero potential applied to the source 14. In this case, the top oxide 22 is suitably 
constructed (agwn with a thickness of about seventy (70) Angstroms) to optimize the 
tunneling of electrons froiri the nitride charge trapping layer 20 into the gate 24 in order to 
facilitate the erasing of the memory cell 10. In one embodiment, the top oxide 22 has a 
thickness of 50 Angstroms to 80 Angstroms for a voltage on gate 24 of 1 0 to 1 8 volts. 

A graph illustrating the effect of prograimning on erase time for reading in the 
forward and reverse directions is shown in Figure 17. Figure 17 shows the times necessary 
to program the device to a threshold voltage of four (4) volts for reading in both the reverse 
(10-^ seconds) and forward (3x10^ soconds) directions. The graph presented in Figure 17 is 
based on data obtained fioni a memory cell constructed in accordance witii the present 
invaitibn. In the first pass^^ fhe device was programmed to be read in the reverse direction 
and then erased. M the second pSss/the device wasT)r6grainmed to b^^^ 
direction and then erased. IThe erase pacbcesses for the charges associated with reverse read 
and fbrWard read Used the same drain voltage and gate Voltage, namely a: Vd of 5.5V and a 
Vq of -8V. The thickiiess of tiie top oxide^ bottom oxide and nitride layers are all 100 
Angstrbins. Programioriig for forward readmg and reverse reading utilized a of 5.5V 
and Vq of lOV. Qiily the prdgramining times differed. The forward and reverse 
prdgrmming cxirves are identical to those illustrated in the graph of Figure 8. 



54 



WQ 99/07000 ^^PCT/IL98/00363 

As can be seen^om Figure 17^ even when the device is progtammed to the 
same threshold voltage, the time to complete the reveise ^:ase is much less than the time to 
complete tiie forward eiase. The forward orase (i.e, the time to remove the trapped charge 
associated with a given thzeshold voltage when the device is read in the forward direction) 
is slower than the reverse erase (Le. the time to remove the trapped charge associated with 
a given threshold voltage when the device is read in the forward direction). In addition^ 
there is residual charge left in the charge trapping region as shown in the small g^ 
between the reverse and forward erase curves at the one (1) second mark. This is due to 
the larger wider charge trapping region formed during the forward, programming that was 
required to generate a threshold voltage of 4V. From the curves, the forward erase is 
approxirnately an order of magnitude slovyrer than the reverse erase. The abrupt increase in 
threshold voltage for the curve labeled TORWARD ERASE is due to the reverse read 
used to measure the threshold voltage. For the same amount of charge trapping, the 
equivalent threshold voltage for reverse reading is mucb higher than that for forward 
readmgj As can be seen in Figure 17, the slopes of the forward and reverse erase curves 
are difierrat. Reading in the rev^e direction requires trapped charge so much smaller 
than does reading in the forward direction that &e erase of the trapped charge is 
approximately 10 to 20 times faster. Also apparent fix)m Figure 17 is that Hie cell does not 
enter deep depletion^ Even at the 1 second escasG mark^. the threshold voltage (about 2v) is 
no lower than that of an unprogramihed celL This is a huge advantage of the memory cell 
of the present invention over prior art manoiy cells especiaUy floating gate cells where 
over-erase can cause a &ilure of the memory array due to deep depletion of the charge on 
the floating gate. 
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The erase mechanism in the memory cell is self limiting due to the fact that as 
tiie memory cell is erased, mbrei and liiore positive charge is st6f ed in the trapping region 
68 (Figure 15) (for the right bit) of the nitride layer thereby neutralizing the negative 
charge stored there while the remaindear of the nitride layer 20 remainis unaffected. Thusj 
the threshold voltage of Hxe channel keeps dropping until it levels off at the threshold 
voltage of ah unprogrammed meniory cell which is the threshold voltage of the larger 
majority of the channel closer to the source. Over-erasing the memory cell of the present 
invention only affects (i.e., lowers) the threshold voltage of the portion of the channel 
under the char^ trappmg region 68 v^ch is a relatively narrow region while leaving fee 
threshold voltage of the remainder of the channel at its normal value. A graph iUustratmg 
the separate bit erase capability of the two bit EEPROM memory cell of the present 
invention is shown m Figure 18. The graph was generatied m tvsrd passes and mitially, both 
the right and the left bit are prdgrairinied each with an amount of trapped charge to achieve 
a givcalthredidld voltage when re^ Dtirihg the firist pass^ the right 

bit was erased while the left bit was riead, as represented by the curves labeled RIGHT 
BIT-f ASS #1 and LEFT BIT-PASS #1; During the second pass, the left bit was erased 
while the right bit was read, as rqpresentted by the curves labeled RIGHT BIT-PASS #2 
and LEFT BIT-PASS #2. The graph shows that erasing of one of tiie bits does not affect 
the other bit This is due tb the fact that the erase voltage is localized to the junction 
adjaceiit to the bit that is to be erased. The difference in location between tiie curve labeled 
'•Left Bit-Pass #2^' and the curve labeled 'TRight Bit-Pass #1" is of no significance bemg 
well witiun the tol^ance of the ineainxreme^^ 
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A graph illustrating the effect of cycling on the program and erase ability of the 
two bh EEPROM cell of tiie present invention is shown in Figure 19. The graph shows the 
Vt of a bit associated with a given amount of trapped charge for reading in the reverse 
direction (top line) and the forward direction (bottom line). The gradual increase in 
threshold voltage Vt for reading in both the forward and reverse directions reflects the lack 
of complete erasure of all the stored charge during each erase such that the amoimt of 
trapped charge gradually increases with time after programming and erasing for 1000 
cycles. 

As explained previously, a result of reading in the reverse direction is that a 
nairower charge trapping region is reqxnred due to the higher efficiency of tiie reverse read. 
Since erasing is always performed through the effective drain region 16 (for trapped charge 
68 and region 14 for trapped charge 70), less charge needs to be moved off the charge 
trapping layer 20 and directed through the drain 16 (charge. 68) or effective drain 14 
(charge 70). Thus, reading the memory cell 10 in the reverse direction enables much faster 
erase times. This makes the entire erase process much easier than in prior art memory 
devices. In the prior art memory device (Le., forward programming/forward read), the 
charge Happing region 66 (Figure 5 A) was much bigger and wider to achieve the desired 
change in threshold voltage, thus making the erase process more diflacult. To erase the cell 
41, a larger amount of charge spread out over a wider trying region 66 must be directed 
through the drain 34. The danger with this lies in that if the charge trappmg region 66 
becomes too wide, the cell 41 may never be able to be completely erased. The charge 
trapping region 66 may become too wide if the device is overprogranmied which is a real 
possibihty when progranmiing and reading in the forward direction. 



57 



WO99/07000 ^||pT/II^8/00363 

A graph iliustratmg tiie effects associated with over programming on the ability 
to erase m the forward and reverse directions is shown in Figure 20. The graph presrated 
in Figure 20 was constructed using data obtained fiom a memory cell 10 (Figures 5B and 
15) constructed in accordance with the present invention. The top oxide 22 (Figure 15), 
bottom oxide 18 and nitride layer 20 are each 100 Angstroms thick for a total ONO 
thicknessof 300 Angstroms, Prograinining utilized a Vd of 5.0V and of lOV. Erasing 
utihzed a Vj, of 5.0V and a Vq of-8V. Note that programming and erasing are both in the 
forward direction. Reading, however, is eiflier in the forward or reverse du-ection. It is the 
revCTse direction read in conjunction with the carefiil control of the gate voltage to be 
within a selected range, that yields the advantages of this mventibn. 

In this case, the memory cell, which has been progranomed for 1 00 milliseconds, 
does not fially erase in a reasonable time (shown in Figure 20 as 100 milliseconds) with V^ 
being sqiproximately TV s&sr 100 milliseconds of erase for reading in both the forward arid 
reverse directions. The cell 10 cannot be erased because it has been over prograimned, 
meanmg the charge In^ping region was made too wide to effectiveiy erase. After 100 
milliseconds of programming, the charge tapping region is very wide. The 1 3V (Vd of 5V 
and Vq of-8 v) that is applied across the charge trapping region 68 (Figure 5B) to erase the 
trapped charge is effective in removing &e electrons that are close to the dram 16, 
However, the electrons that axe trapped fiirther away from drain 16 towards the middle of 
the channel cannot be eflfectively removed because the electric field o-eated by the 13V 
potential difference betwem tiie drain and the gate is much weaker at that point 

As is apparent from Figures 17 and 20, the slopes of the threshold voltage Vj 
versus program time curves for forward read and reverse read (labeled "forward program'* 
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and "reverse program" in Figure 20) are different After approximately one millisecond, 
the forw^d program curve exhibits a high^ slope than the reverse program curve. This 
shows that reading in the reverse direction is more tolerant to over prog-amming than 
reading in the forward direction iii the sense that a given uncertainty in programming time 
causes a bigger uncCTtainty in threshold voltage when reading in the forward direction 
than when reading in the reverse direction. When readirig in the reverse direction, a V^, of 
about 4V is reached after approximately 100 microseconds of programming. Even if 
programming continues up until a millisecond, a factor of lOX, the Vt, for reading in the 
reverse direction is only ^proximately 4.5V. For reading in the forward direction, a Vy of 
4V is reached only after approximately 7 milliseconds of programming. If programming is 
oflFby only 3X, the Vy increases to approximately 8.3 V. At this high V^ it is not likely that 
Ihe device can be erased* 

Thus^ it is important to stress that reading the memory device in the reverse 
direction does not just enable simpler and fester erasing, but in fact^ if the device is to be 
read in the forward direction and the trapped charge is sq adjusted to give the desired 
threshold voltage V^ erasing is likely to be not possible at alL This is because much more 
charge must be trapped on the dielectric 20 beneath the gate 24 to achieve a usable 
difference in threshold voltage V^ between, the programmed and the unprogrammed state 
when reading in the forward direction than vAiisn reading in the reverse direction. This 
makes erasing the memory device at best difficxalt if not impossible thus making the 
forward programming/forward read impractical for^this type of memory device which must 
be erasable. 
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The gr^h of Figure 20 also Ulusttates the higher efifectiveness during erase of 
the voltage on the draiii versus the voltage on the gate. The gate voltage is riot as effective 
due to the distance of the gate from the trapped charge which includes the thickness' of the 
top oxide 22 and the nitride layer 20. The drain voltage is nadre effective since it is More 
proximate to the region 68 of trapped charge. However^ the gate voltage is more crucial 
when the width of the trapped charge region 68 is nairow. In this case, the gate voltage 
will be effective in creating ail electric field that covers the entire charge trapping region 68 
making tiie rmxoval of electrons more efficient The trajiped charge region can only be 
made sufficiently lianbw if the device is read in the reversed direction becaxise only when 
the device is read in the reverse directioii does a relatively small amount of charge stored 
on the dielectric under the gate yield a sufficiently larger difference in threshold voltage 
VT to allow the programmed state (i.e., charge stored on the gate) and the improgrammed 
state (i.e., no charge stored on the gate) to be diflfarentiated. As discussed previously, if the 
device is read iii the forward direction^ the charge trapping region must^ be made wide 
enough to gesierajfe a sufficient threshold Voltage to differentiate between the programming 
and the unpicgfamm^ stiatbs. Change trapped far fix>m the drain cannot be coixq^exisated 
for by lowering the voltage on the gate. In addition, the drain voltage cannot he increased 
beyond ^proximately 2V due to reiEid disturb. The read disturb refers to slow 
prognmiming of the bit during read; While the programming occurs very slowing^ 
cbcistantly reading the same cell over an dctended period of time can cause programming 
of the bit to ocicur. 

A graph illustrating the programming and erasing curves representing the use of 
oxide VCTSus TEOS as the dielectric on top of the nitride is shown in Figure 21 . The graph 
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presented in Figure 21 was constructed using data obtained from two memory cells 
constructed in accordance with the present invention, one memory cell using TEOS to 
form the oxide layer 22 (Figure 15) on top of the nitride and the other memory cell using 
thermal oxidation of the nitride to form the top oxide layer 22. The thickness' of the top 
oxide layer 22^ bottom oxide layer 18 and nitride layer 20 are 70, 100, 80 Angstroms, 
respectively. The width/length ratio for each memory cell channel is 0.6/0.65 microns. 
Programming (\s4uch is always, done in the forward direction) utilized a V^, of 5.0V and a 
Wq of lOV. Erasing (which is also always done in the forward direction) utilized a of 
5.0V and a Vq of-6V. This graph shows that there is little difference in the programming 
and erase characteristics when either oxide or TEOS is placed on top of the nitride. 

A graph illustrating erase times for a gate voltage of zero with two different 
values of drain voltage is shown in Figure 22. Both curves were generated by first 
programming in the forward direction for about 10 microseconds, imtil the threshold 
voltage Vt equals about 4V and thra erasing in the forward direction. For the upper curve, 
the gate 24 (Figure 15) was grounded and 6.0V applied to the drain 16. For the lower 
curve, the gate 24 was grounded and 6.5V applied to the drain, . For both curves, the 
threshold voltage is raised during programming firbm nearly 1.5V to approximately 4V. 
Erasing then brings the VT back down to approximately LTV. Note that the time to erase 
the charge from the dielectric decreases as the drain voltage increases. The curves show 
that it takes about 100 seconds with a gate voltage of 6.5V to erase (i.e., remove) sufficient 
charge iiom the dielectric to bring the threshold voltage of the device down to about 1.9V 
and that it takes about 1000 seconds with a gate voltage of 6.0V to achieve the same 
threshold voltage. 
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A graph illustrating the erase curve for two different values of liegative gate 
voltage is shown in Figure 23. The graph presented iii Figure 23 was constructed using 
data obtained from a memory cell constructed in accordance vvith the present invention. 
The thickness of each of the top oxide 22 (Figure 15), bottom oxide 18 ahd nitride 20 

5 layers is 100 Angstroms for a total dielectric thickness of 300 Angstroiris. The channel 
widfli/lmgth ratio is 0.6/0.65 microns. Erasing for the reverise direction utilized a coiistant 
Vi> of 5.5V and a of -5V versus a of -7.5V. The graph shows that drain and gate 
voltages on the order of 5V and -5V respectively, are sufiBcient to enable aii effective erase. 
This is a big advantage ovct the prior art whore erase voltages of around -1 OV on the gate 

10 aie more typical. The graph also shows that lowering Vq to -7.5V is effective to erase the 
device approximately 20 times faster v/hilt still retaining a Vq less than 1 OV. 

Benefits of Reading in the Reverse Direction 

Reading the graph in Figure 10, one can see that to adiieve a Vx equal to 
approximately 2V in the channel (Le., the same conditions as the prior art memory device 

15 wifli 3 V applied to the gate) v*ien reading in the reverse dhection, approximately 4V must 
be applied to the gatfe. When, for example, 3V is applied to the gate and the device is read 
in the reverse direction, only cqpproximately 1.2V is generated in the channel. This is in 
direct contrast to the prior art reading in the forward direction wherein the potmtial across 
the trapped charge region was almost the full potential applied to the drain (i.e., 2V). This 

20 significant benefit of reading in the reverse direction is that for the same gate volt^e a 
much lower voltage is present across the portion of the chaimel undCT tiie region of trapped 
charge. This results in dramatically less leakage current for the same charge trapping 
length. Or stated another way, a shorter charge trapping region is needed m the gate 
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dielectric to achieve an eqiiivaient amount of leakage current A shorter charge trappmg 
regidii translates through an exponential function to shorter programming times. A 
discussion of the variation in programming time as a function of various parameters, 
voltage afid temperature is given in a paper entitled "Hot-Electron Injection Into the Oxide 
in n-C3iaimel MOS Devices," B. Eitan and D. Frohman-Bentchkowsky, IEEE 
Transactions on Electron Devices, March 198 1, incorporated herein by reference. 

The effect of reading the memory device in the reverse direction is to amplify 
the effect of the trapped charge (i.e., the programmed region or the localized trapping 
region) oil the threshold voltage thereby allowing much less charge to be trapped to 
achieve the same (Efference in threshold voltage between the progranmied state (i.e., 
charge stored in the charge trapping region of the gate dielectric) and the unprogrammed 
state (i^Ci, no thaicge stored in the charge trapping region of the gate dielectric) of the 
device. For the same programming time (meaning the same length of trapped charge in the 
nitride, fer example as shown in Figures 5 A and 5B), device 10, when read in the reverse 
direction, exhibits a leakage current 1^ approximately two orders of magnitude less thari 
tiiat of a prior art memory celL As previously -discussed, by reading in the reverse 
direcfibiU a nlajor betibfit is that the px>gramming time can be reduced because the leakage 
current is significantly less and thus less trapped charge is required to achieve flie sanie 
leakage cimrent as when reading in the forward direction. Thus^ the size of the trapping 
region does not have to be as large as with prior art memory cells which translates 
e^gjonentially into shorter programming times. 

A key advantage of reading in the opposite direction from program ming is thM 
the efifect of the lateral electric field next to the charge trapping region is minimiz ed. In 
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addition, the gate voltage can be reduced to further minimize the potential in the channel; 
In fact, the gate voltage can be set to adiieve the desired volt^e in the channel. This was 
described previously with reference to Figure 10. 

the area of charge trapping necessary to program memory cell 41 of the prior art 
is illustrated in Figure 24A and the area of charge trappmg necessaiy to program memory 
cell 10 of the pfeserit ihventibn is illustrated m Figure 24B. Hie trapping region 68 of 
device 10 is showii inuch snakier than trappmg region 66 of the prior art device. As 
described earlier, reading in the reverse direction permits a shorter charge trappmg region. 
This restdts in much rnbre efficient prograiiimmg by reducing, through an «ponential 
function, the prdgrainming time of the device. 

Programming a smaller, narrower region of trapped charge has numerous 
benefits. One rnajor benefit is that programmmg tiines are reduced while the delta in 
threshold voltage between the programcled versus unprogrammed states remains the same. 
Thus, short programming tunes are achieved by taking advantage of the asymmetric 
characterisdcs of the trappibg dielectric flash EEPROM memory ceU. Another major 
benefit is that the CTasfc mechanism of the memory cell is greatly enhanced. 

the ©rase inechaiiism is enhanced when the charge trapping region is mad? as 
naiT^)W as possible. Prbgramining iii the forward direction and reading in the reverse 
direction eiiabies Uimting the width of the charge trying repon to a narrow region near 
the drain. This ailovsrs for rnuch rnore rapid and thus more efficient erasing of tiie memory 
ceU. . 

Yet anbthCT benefit of ieaduig iii the reverse durectioni as described above^ is that 
a narrow charge trapping region increases the effectiveness of the drain voltage during 
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erase when combined with relatively low applied gate voltages. A narrow charge trapping 
region is allowed only by reading in the reverse direction while applying lovv gate voltages 
during the read. 

Further, utilizing a thiimer silicon nitride charge trapping layer than disclosed in 
the prior art hdps 16 confine the charge trapping region to a region near the drain that is 
laterally narrower than iri the prior art This improves the retention characteristic of the 
memory cell. Further, the thirmer top and bottom ojdde sandwiching the nitride layer helps 
retain the vertical electric field* 

In addition, vsdien the memory cell is read in tihe reverse direction, it is more 
tolerant of over programming. Reading in the forward direction causes the threshold 
voltage of the memory cell to be very sensitive to inaccuracies iri programrriing time while 
reading in the reverse direction reduces this sensitivity of threshold voltage to 
progrxumning time. Over progranmung while programming to allow reading in the 
forward direction can potentially cause the device to become non ^asable. 

The voltage Vx in the charmel is a functiori of the gate voltage and the impurity 
level in the charmel.. Vx is the voltage iii the charincil just beneath the edge of tiie tr^ped 
charge region dbbve the chaiihei (Figure 5B). A higher gate voltage translates to a higher 
voltage iri the cfaanriejL When the device is N channel, this impurity in the channel region 
before inversion is usually bofbri. The voltage Vx. is gerierally independent of the boron 
impurity level over a riormai range of values in the forward readirig rriode, but Vx is 
dependerit on the imjpurity level in the reverse direction, beeomiiig srn^ef as the impurity 
level goes up. Indeed in Ihe reverse dif ectiori the voltage Vy in the channel just breath the 
edge of the trapped charge, regibri is given by the fdllbwing expression. 
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Vx^V<3-(Vt + AVt) 

where Yj is the device threshdld voltage for zero substrate bias and AVt is tiie 
incremental increase in threshold voltage.due to substrate back bias caused by a finite value 
for Vx when the channel is just inverted. 

Various thickness' were tried for the second oxide layer 22 in the ONO structure 
of Figures SB and 24B. The following table presents the combinations of thickness' for the 
ONd layers that were coristructed for three embodiments of the memory cell of this 
invention. Note that all thickness* are in Angstroms in the table below. 

LavcrEmbodiinent # lErnbodiinent #2Embodunent #3 
Top Oxide CO* Layer 22)15010070 
Nitride CN* Layer 20)505050 
Bottom Oxide ('O' Layer 1 8 ^707070 
Total Thickness270220190 

The nitride layer 20 retains the stored charge. By employingthe reverse read as 
opposed to flie forward read^ the amount of charge required to be retained for a giy esn shift 
in threshold voltage is reduced by a fector typically of two or more. By making the nitride 
layer 20 thinner and the top oxide layer 22 thicker, the amount of charge required to be 
stored on the nitride layer 20 for a given threshold voltage shift is also reduced. 

It is also noted that as the thickness of the top, oxide Izycr 22 mcreased, the 
latei^ fields associated vnih the charge stored on, the 50 Angstrom thick nitride layer 20 
decreased slightly. It is also obseryed tiiat as the thickness of the bottom oxide layer 18 
was made thinner, the erase of the charge stored on the nitride layer 20 becomes easier. 
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For a 70 Angstrom thick bottom oxide layer 1 8j the charge stored on the nitride layer 20 is 
more easily erased than if the bottom oxide layer 1 8 is 1 00 Angstroms thick. 

Thus, the conclusion is that the thinner the nitride the better for the purposes of 
the present invmtion. Nitride layers as thm as 20 Angstroms are believed possible with 
5 this invention. The thinner nitride reduces the lateral field associated with a given charge 
stored in a portion of the nitride layer and thus reduces the lateral dispersion of the stored 
charge as a result of the internally generated electric field associated with the stored charge. 

Optimization Parameters 

In terrhs of optimization, three parameters caii be varied to give the quickest 
10 progfamixiing time and the widest margins. The first parameter is the channel length. A 
longer charmel length, fdr a given prograinming tiirie when reading in the reverse direction, 
increases the distance between the drain and the trapped charge (effectively, the source and 
drain designadoiis are flipped). This lowers the level of the lateral electric field even 
lower. 

15 The second parameter, as described previously^ is the gate voltage which can be 

set t5 . minimize the' voltSge drop in the channel across the channel rej^on beneath the 
trapped charge. This further reduces the lateral electric field iii the channel beneath the 
tr^qjped charge. Within limits, the voltage in the channel can be 'dialed in' by varying the 
voltage oil the gate. This allows Cdiltrol dvisr the voltage drop in the channel beneath tiie 

20 region of trapped charge. If the gate voltage is made tod low then reading a logic T, i.e., 
the vmprogramm state, becomes pfoblernatic. The gate vdltage for reiading a logic 1- 
nlust be still high enough to generate inversion iii order to produce sufficient read current 
for each sense amplifier. Thus, a lower limit for the gate voltj^e is qjproximately IV 



67 



Wd$$/07600 ^^CT/IL98/00363 

above the threshold voltage. Hie lower limit for the gale voltage is determined by the 
maximum time required to sense the channel current which represents one state of the 
meiiloiy cell. For example, for fast access tiiiie, the maxinixjm time would be in the range 
of 10 to 30 nanoseconds while for a mass storage device the niaximum access time coxdd 
be as high as 1 microsecond. The actual gate voltage to achieve fliese maximum times 
would depend upon the device stmcture, tbe dielectric thickness^ the bit line capacitance, 
the doping conceritratidjtt in the chaniiel and othia- piarameters associated with flie device. 
An upper limit on the gate voltage is the voltage at which the voltage in the channel just 
beneath the edge of the region of trapped charge is just below the voltage potential applied 
to the source terminal during reading in the reverse direction. A too high gate voltage will 
cause inversion in tiie chaimel and the benefits of the present invmtion are lost. Thus, it is 
not recommended to apply a gate voltage that generates such a high voltage in the channel 
beneath the edge of the diarge trapping region because it defeats the benefits of having a 
lower potential aCToss tiie portion of the chaimel beneath this charge trapping region with 
the accompanying reduction in leakage current and shortened progr ammin g time. In a 
preferred ernbodiment of the preseiit invention, the gate voltage used for reading is 
approximately 3V which represmts an optimized tradeoff between prog rammin g time and 
leakage current 

The third optimization method, previously described and which is known in the 
art, is to vary the boron doping of the chaimel region uiider the gate. An increase in the 
doping concentration results in a higher threshold voltage and a lower voltage generated 
in the channel. This is due to the reduction in the width of the depletion region formed. 
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Thusi a higher doping concentration pennits a higher gate voltage to be applied for the 
same voltage across the portion of the channel beneath the charge trapping region. 

In addition, an increase in the doping concentration for the same length 
trapping region will improve the punch through behavior of the device. By varying the 
level of boron implanted in the channel region, the width of the dqjletion region under the 
gate can be, varied. An increase in the doping concentration results in a reduction in the 
width of the depletion region for the same ajqilied gate voltage. The reduction in the width 
of the depletion region occurs because there is now more fixed charge in the substrate. 
ThuSj varying the doping concentration can be used to limit tiie length of the pinchofif 
region under the gate. In addition, the doping concentration can be used to increase or 
deoiease the initial threshold voltage of the device. 

Optimization parameters specific to programming and reading two bits in the 
memory cell of the present invention will now be described. The optimizations for 
programming include nti liTing a longer minimum effective charmel length Leer in order to 
physically separate the two bits better. In addition, the implant level can be reduced in the 
charmel in order to increase the delta between forward and reverse programming. On the 
other hand, the implant level can be increased m the channel m order to reduce the impact 
of the first bit on the programming of the second bit Thus, the implant level m the channel 
is a compromise between the forward and reverse delta on the one hand and die 
programming speed on the other hand. 

The optimizations for reading include lowering the gate voltage in order to 
enhance the pxmch through during reading. As described previously, punch through is 
necessary to program and read the second bit A lower implant level in the charmel serves 
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to increase punch through. Also, a higher drain voltage during read fimctibris to increase 
punch through. These three optimizatioiis relate to reading m the forward direction, which 
is equivalent to reading the second bit in the reverse. 

In addition, a lower gate voltage reduces the number of electrons that need to be 
injected into the charge trapping region. This improves erasing because it eliminates 
residual charge remaining tapped after erasiire. Aiiy residual charge that remains in the 
charge trapping layer after erasure degrades cycling. 

While the invention has been described with respect to a limited number of 
embodiments, it will be appreciated that many variations, modifications arid other 
applications of the invention may be rriade. 
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CLAIMS 



1 . An electrically erasable programmable read only memory (EEPROM) cell 
capable of storing two bits of information, comprising: 

a semiconducting substrate of a first conductivity type; 

a first region comprising a portion of said semiconducting substrate 
doped to have a conductivity opposite that of said semiconducting substrate; 

a second region, spaced from said first region, comprising a portion of 
said semiconducting substrate doped to have a conductivity opposite that of 
said semicdnductiiig substrate, a chaimel being formed in the space between 
said first region and said second region within said serniconducting 

substrate;- 

a first insulating layer overiayiiig and coveiing said channel portion of 
said semiconducting substrate; 

a nonconducting charge trapping lay^ formed on and overlaying said 
first uisulating layer; 

a second insulating layer formed on and overlaying said nonconducting 
charge trapping layer, 

a gate comprising an electrically conductive material formed on and 
overiayiiig said second insulating layer, 

wherein said charge trapping layer is formed so as to receive and retain 
electrons injected into said charge trapping layer in a charge storage region 
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close to said first region forming a firist biti the quantity of electrons so stored 
being selected so as to provide said c?ell with a first threshold voltage greater 
than a first selected value when said memory cell is read in a first direction 
opposite to that in which it was programmed and to provide said cell with a 
second threshold voltage when said memory cell is read iii a second direction 
winch is ffie same directidri fii which it was programmed, said second 
threshold vdlmge being sufiBcieritly less tiiari ^aid first threshold voltage as to 
allow said cell to store said first bit of information when the cell is read in 
the first direction but to not store said first bit of information with the same 
probabihty of detecting said, first bit when the cell is read in the second 
direction; and 

wherein said charge trapping layer is formed so as to receive and retain 
electrons injected into said charge tr^ping layer in a charge storage region 
close to said second region forming a second bit, the quantity of electrons so 
stored being selected so as to provide said cell with a third threshold voltage 
greater than a third selected value when said memory cell is read in a third 
direction opposite to that in which it was programmed and to provide said 
cell with a fourth threshold voltage when said memory cell is read in a fourth 
direction which is the same direction in which it was progrannmed, said 
fourth tiireshold voltage being sufficietitly less than said third threshold 
voltage as to allow said cell to store said second bit of information vs^en the 
cell is read iri the third directioii but to not store said second bit of 
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information wtii the same probability of detecting said rigKFbit when the 
cell is read in the fourth direction. 

2. The memory cell according to clarni 1 , wherein said first bit and said second bit 
are erased by removing electrons from said region of trapped charge iii said 
nonconducting charge trapping layer previously stored therein during 
programming. 

3. The memory cell according to claim 1, wherein the amount of charge stored in 
said region of trapped charge for said first bit arid said second bit in said nori 
conducting charge trapping layer is such that the chaudge iii threshold voltage for 
reading in the reverse direction relative to readirig in the forward direietion is 
greater than a fector of terL 

4. The memory cell according to claim 1 , wherein the amount of charge stored in 
said region of trapped charge for said first bit and said second bit in said non 
conducting charge trappkig layer is such that the change in threshold voltage for 
reading in thfc reverse direction relative to reading in the forward direction is 
greater thaii a factor of five. 

5. The memory cell according to claim 1 , wherein the amount of charge stored in 
said region of trapped charge for said first bit and said second bit in said non 
conducting charge trappmg layer is such that the change in threshold voltage for 
reading in the reverse direction relative to reading in the forward direction is 
greater &an a factor of two. , 
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6. The memory cell according to claim 1, wherein the amount of charge stored in 
said region of trapped charge for said first bit arid said second bit in said 
nonconducting charge trapping layer is such that the change in threshold voltage 
for reading in the reverse direction relative to reading in the forward direction is 
greater than a factor of one and one half. 

7. The memory cell according to claim 1 , wherein a lower limit for the vdltiage 
appUed to said gate during reading for either said first bit or said second bit is the 
volt^e at which sufficient inversion is generated in the channel whereby the 
unprogrammed state can be sensed and which permits read through of the bit not 
being read, an upper limit for the voltage applied to said gate during reading for 
either said first bit or said second bit is the voltage at which the voltage across a 
region of said channel beneath the tnq)ped charge in said charge storage region is 
below the voltage applied to said first region during reading for said first bit and 
below the voltage applied to said second region during reading for said second 
bit. 

8. The memory cell according to claim 1 , wherein said cell is adapted such that 
programming said first bit comprises applying progranuning voltages to said first 
region and said gate, grounding said second region and measuring the resulting 
channel current, wherein reading said first bit comprises applying reading voltage 
to said second region and said gate, grounding said first region and measuring the 
resulting channel current, wherein said cell is adapted such tiiat programming 
said second bit comprises applying programming voltages to said second region 
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and said gate, grounding said first region and measuring the resulting channel 
current and wherein reading said* second bit comprises applying reading voltage 
to said first region and S2dd gate, grounding said second region and measuring the 
resulting channel current 

9. The memory cell according to claim 1 , wherein said first bit of said cell is 
adapted to be erased by applying erasing voltages to said gatis and said first 
region and wherein said second bit of said cell is adapted to be erased by 
applying erasing voltages to said gate and said second region. 

1 0. The memory cell according to claim 1 , wherein said first bit of said cell is 
adapted to be erased by applying a first voltage on said gate and ground potential 
on said first region such that electrons are removed fi^m said diarge trapping 
region via said gate and wherein said second bit of said cell is adapted to be - 
erased by applying a second voltage on said gate and ground potmtial on said 
second region such that electrons are removed from said charge trapping region 
via said gate. 

1 1 . The memory cell according to claim 1 , wherein said first bit of said cell is 
adapted to be erased by applying a first voltage to said gate and a second voltage 
to said first region such that electrons are removed from said charge trapping 
region via said first region and whereiii said second bit of said cell is adapted to 
be wased by applying a third voltage to sidd gate and a fourth voltage to said 
secorid region such that electrons are removed from said charge? trapping region 
via said second region. 
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12. The memory cell according to claim 1, wherein said first and second insulating 



13 . The memory cell according to claim 1 , \^iierein said charge trapping layer 
comprises silicon nitride. 

5 1 4. The memory cell according to claim 1 , wherein said charge trapping l^y er 
comprises silicon dioxide with buried polysilicon islands. 

15. The memory cell according to claim 1 wherein said charge trapping layer, 
comprises silicon dioxide with impurities therein. 

16. The memory cell according to claim 1, wherein said semiconducting substrata 
10 comprises P type semiconductor material. 

17. The memory cell according to claim 1 , wherein said source and said drain 
comprise Nh- semiconductor material. 

18. An electrically erasable programmable read only memory (EEPROM) cell 



layers comprise silicori dioxide. 



capable of storing two bits of information, comprising: 



15 



a semiconducting substrate of a first conductivity type; 



a first region comprisirig a portion of 3aid semiconducting substrate 
doped to have a conductivity opposite that of said semiconducting substrate; 



a second region; spaced firom said first region, comprising a portion of 
said seiniconducting substrate doped to have a conductivity ppposite that of 
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10 



15 



said semiconducting substrate, a channel being fonned between said first 



a first insulating layer overlaying and covering said channel portion of 
said semiconducting substrate; 

a ridh conducting charge trapping layer fonned on and overlaying said 
first insulating layer; 

a second insulating layer formed on arid overlaying said non conducting 
charge trapping layer; 

a gate comprising an electrically conductive material formed on and 
overlaying said second insulating layer; 

wherein said cell is adapted to receive arid retisun electrons injected into 
said non conducting charge trapping layer in a portion close to said first 
region forming a first bit arid iit a portion close to said second region forming 
a second bit; and 

wh^dLQ said memory cell is adaptei to be read in d direction opposite to 
that in which it was programmed, such that a lower limit for the voltage 
applied to said gate during reading for either said first bit or said second bit 
is the voltage at which sufficient inversion is generated in said chaririel 
whereby an uripiojgramriied state can be sensed and which permits read 
tteoiigh of the bit not being read, an upper limit for the voltage applied to 
said gatet dtirii^ reading for either said first bit or said second bit is the 
voltage at which the volt^e across a region of said channel beneath the 



region and said second region within said semiconducting substrate; 
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trapped cha^e in said charge stdrage regiofi is below the voltage ^plied to 
said first regidn during reading for said fiist bit and below the voltage 
applied to said second region during reading for said second bit. 

19. The memory ceU according to claim 18, wherein said first bit and said second bit 
of said ceil are erfised by remdviiig eleCtrdns fitim respective regions of trapped 
charge in said non conducting charge trapping layer previously stored therein 
during flie programming of each bit 

20. The memory cell according to claim 1 8, wherein said first bit of said cell is 
adapted to be programmed by applying programming voltages to said first region 
and said gate, grounding said second region and measuring the resulting channel 
cuttcnt, wherein said first bit of said cell is adapted to be read by applying 
reading voltages to said second region and said gate, grounding said first region 
and measuring fee resulting charaiel current wherein said second bit of said cell 
is adapted to be programmed by applying programming voltages to said second 
region and said gate, grounding said first region and measuring the resulting 
chsumel current, wherein said second bit of said cell is adapted to be read by 
applying reading voltages to said first region and said gate, grounding said 
second region and measuring the resulting diannel current 

21 . The memory cell accordifig to dladin 1 8$ -wherein said first bit of said cell is 
adapted to be erased by applying erasing voltages to said gate and said, first 
region and wherdn said second bit of said cell is axiapted to be erased by 
applying eraang voices to said galfe and said second region.- 
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22. The memory cell according to claim 1 i, wherein said first bit of said cell is 
adapted to be erased by applying a first voltage to said gate and ground to said 
first region such that electrons are removed from said charge trapping region via 
said gate and wherein said second bit of said cell is ad^ted to be erased by 
applying a second voltage to said gate and ground to said second region such that 
electrons are removed firaia said charge trapping region via said gate^ 

23 . Hie memory cell according to claim 1 8, wherein said first bit of said cell is 
adapted to be erased by applying a first voltage to said gate and a s6cond voltage 
to said .first region siich that elections are removed fit)m said charge trappmg 
region via said first regioii and wherein said second bit of said cell is adajjled to 
be erased by applying a third voltage to said gate and a fourth voltage to said 
second region sudi that electioiis are removed from said charge trapping region 
via said second regioh.- 

24. The mrahoiy ceil according to claim 1 8, wherein said first aiid secbitid insulating 
layers comprise silicon dioxide. 

25. nie memory cell according to claim 1 8, wherein said charge trapping layer 
comprises silicon nitride. 

26. The memory cell according to claim 18, wherein said charge trapping l^er 
comprises silicon dioxide with buried polysUicon islands. 

27. The memory cell according to claim 1 8, wherein said charge trapping layer 
comprises silicon diosdde with impurities therein. 
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28. The memory cell according to claim 1 8, wherein said seiniconducting substrate 
comprises P-type sOTiiconductbr material. 

29. The memory cell according to claim 1 8, wherein said source and said drain 
comprise N+ semiconductor material. 

30. An electrically erasable programmable read only memoiy (EEPROM) cell 
capable of storing two bits of information, comprising: 

a semiconductmg substrate of a first conductivity type; 

a first region comprising a portion of said semiconducting substmte 
doped to have a conductivity type opposite that of said semiconducting 
substrate; 

a second f egidn, spaced from said first region, comprising a portion of 
said semiconducting substrate doped to have a conductivity opposite that of 
said semiconducting substrate, a chaimel bemg formed between said first 
region and said second region within said semiconducting substrate; 

a first ingiilating layer overlaying and covering said channel portion of 
said semiconducting substrate; 

a non conducting charge trapping layer formed on and overlaying said 
first insulating layer, 

a second insulating layer formed on and overlaying said non conducting . 
charge trapping layer; 
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a gate cS^sing an electrically conductive layer fbiii^TOn and 

overlaying said second insulating layer; 

wherein said memory cell is adapted to be programmed by hot electron 
injection into said non conducting charge trapping layer in a region close to 
said first region forming a first bit and in a region close to said second region 
forming a second bit; 

wherein said memory cell is adapted to be read in a manner opposite 
from that in which it was programmed, said cell bemg adapted such that a 
lower limit for the voltage ^lied to said gate during reading for either said 
first bit or said second bit is the voltage at which sufficient inversion is. 
generated in said channel whea^by an unprogrammed state can be seaised and 
which permits read through of the bit not being read, an upper Ihnit for the 

voltage ^plied to said gate during reading for either said first bit or said 
second bit is the voltage at which the voltage acaOsS si. regiOfi 6f said channel 
beneath the tisqjp&i charge in said charge storage region is below the voltage 
appUed to said first region during reading for said first bit and below the 
vbltagfi appUed to said se.cond region during reading for said second bit; and 
whraein said cell is adapted to be eriased by applying ground potential to 
said gate and removing electrons fi?om said respective regions of trapped 
20 charge in said non conducting charge trapping layer previously stored therein 

during programming via said first region to erase said first bit and via said 
second region to erase said second bit. 
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31. An electrically erasable programmable read only memory (EEPROM) cell 
capable of storing two bits of infomiatiori, comprising: 

a semiconducting substrate of a first conductivity lype; 

a first region comprising a portion of said semiconducting substrate 
doped to have a coiiductivity type opposite that of said semiconducting 
substrate; 

a second region, spaced fi-om said first region, comprising a portion of 
said semiconducting substrate doped to have a conductivity type opposite 
that of said semiconducting substrate, a channel being formed in the space 
between said first region and said second region within said semiconducting 
substrate; 

a first insulating layer overlaying and covering said channel portion of 
said semiconducting substrate; 

a nbii conducting charge trapping layer formed on and overlaying said 
first insulating layen 

a second instilating Ijayef formed on and overlaying said non conducting 
char gfc trapping layer, 

a gafe coniprisihg an eiectricaUy conductive layer formed on and 
overlaying said second insulating layer, 

wherdn said memory cell is programmed by hot electron injection into a 
region of said non conducting charge trapping layer close to said first region 
forming a first bit and close to said second region forming a second bit; 
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wherein said memory cell is adapted to be read in a manner opposite 
from tbat in which it was programmed^ said cell being adapted such that a 
lower limit for the voltage applied to said gate during reading for either said 
first bit or said second bit is the voltage at which sufficient inversion is 

5 gezierated in said chaimel whereby an unprogranuned state can be sensed and 

which permits read through of the bit not being read, an upper limit for the 
voltage applied to said gate during readmg for either said first bit or said 
second bit is the voltage at which the voltage across a region of said channel 
beneath the trapped charge in said charge storage region is below the voltage 

10 applied to said first region during reading for said first bit and below the 

voltage applied to said second region during reading for said second bit; and 

wherein said cell is adapted to be erased by applying a negative potential 
to said gate and removing electrons fix)m said respeqtive regions of trapped 
charge in said non conducting charge trapping layer previously stored therein 
15 during programming via said first region to erase said first bit and via said 

second region to erase said second bit ' 

32. A method of programming, reading and erasirig an electrically erasable 

programmable read ordy rncmory (EEPROM) cell capable of storing two bits of 
mfbrmadbii, said mOTiory cell having a first region and a second region with a 
20 diannd therebetween and a gate above said chaxmel but s^arated therefix)m by a 

non conducting charge trappirig material sandwiched between first and second 
silicon dioxide layers, said method comprising the steps of: 
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prograimning in the forward direction by injecting electrical charge into 
said charge trapping maierial-litilizmg hot electron injection for a sufficient 
time that electrical charge becomes trapped asymmetrically in a charge 
trapping region of said charge trapping material close to said first region 
forming a first bit and close to said second region forming a seeohd bit, said 
electrical charge beii^ inj ected until the threshold vdltage of said gate 
reaches a predetermined level \^*len said memory cell is read in the reverse 
direction from which it was programmed, said asymmetrical charge injection 
for said first bit being generated by applying piogramtnirig voltages to said 
first region and said gate and grounding said second regioh, said 
asymmetrical charge injection for said second bit being generated by 
applying prbgfamming voltages to said second region and said gate and 
grounding said first region; 

reading said first bit in the reverse direction by applying read voltages to 
said second region and said gate arid groimding said first region, and 
subsequently sensing whether or not cuireht flows through said memory cell 
firom said second region to said first region; 

reading said second bit in the reverse direction by applying read voltages 
to said first region and said gate and grounding said second regipri. and, 
subsequently sensing vrfietiieir or not current flows throu^ said niemory cell 
firdni said first region to said second region; 
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erasing said first bit of said memory cell by applying erasing voltages to 
said gate and said first region so as to cause electrons to be removed firom 
said charge trapping region; and 

erasing said second bit of said memory ceil by applying erasing voltages 
5 to said gate and said second region so as to cause eleGtroris to be removed 

firom said chairge trapping regioiti; 

33. The method according to claim 32, wherein the gate voltage during reading in the 
reverse direction for either said furst bit or said second bit is between the gate 
voltage at which sufficient inversion is generated in the channel whereby the 
10 unprogrammed state can be sensed and which permits read through of the bit not 

being read and the gate voltage at which the voltage across a region of said 
channel beneath the trapped charge in said charge storage region is below the 
voltage applied to said first region during reading for said first bit and below the 
voltage applied to said second region during reading for said second bit. 

15 34. A method of prograiimiing, reading and erasmg an electrically erasable 

programmable read only memory (EEPROM) cell capable of storing two bits of 
information, said memory cell having a first region, a second region spaced firom 
said first region, a channel between said first region and said second region and a 
gate and utilizing a non conducting charge trappmg material sandwiched between 

20 first and second silicon dioxide layers formed between said gate and said 

channel, said method comprising the steps of: 
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prbgrammihg in the forward directiph by injecting electrical charge into 
said charge trapping material utilizing hot electron inj^tioii for a sufficient 
time that electrical charge becomes trapped asymmetrically in a charge 
trapping regidii of said charge trapping material close to said first region 
fortning a first bit and close to said second region forming a second bit, said 
electrical charge being injected until the threshold vpltage of said gate 
reaches a predetermined level when said meniory cell is read in the reverse 
direction from which it was programmed, said asynametrical charge injection 
for said first bit being generated by applying programming voltages to said 
first region and said gate and grounding said second region, said 
asymmetrical charge injection for said second bit being generated by 

applying programming voltages to said second region and said gate and 

grounding said first region; 

reading said first bit in the reverse direction by applying read voltages to 

said second region and said gate and grounding said first region, and 

subsequently sensmg whether or not ciffrerit flows toduj^ said ttiCTiory cell 

from said second region to said first regioii; 

reading said second bit in the reverse direction by applyuig read voltages 

to said first region and said gate and grounding said second region, and 

subsequently sensing whether or not currertt flows through said memory cell 

from said first region to said second region; 
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erasing said first bit of said memory cell by. applying a selected potential 
to said gate so as to cause electrons to be removed from said charge trapping 
region via said first region; and 

erasing said second bit of said memory cell by appl)ring a selected 
5 potential to said gate so as to cause electrons to be removed from said charge 

trapping region via said second region. 

35 . The method according to claim 34, wherein the selected potential applied to said 
gate is groimd potential. 

36. The method according to claim 34, wherein the selected potential applied to said 
10 gate is a negative potential. 

37. A method of progranoming, reading and erasing an electrically erasable 
programmable read only memory (EEPROM) cell capable of storing two bits of 
information, said memory cell having a semiconducting substrate of a first 
conductivity type, a first region of a second condiictivrfy type opposite to said 

15 first conductivity type and forming a first bit, a second region of said second 

conductivity type, said second region f>eing spaced from said first region and 
forming a second bit, a chaimel formed m said substrate between- said first region 
and said.second region, a conductive gate and a non conducting Charge tn^ping 
material sandwiched between first and second silicon dioxide layers fprmed 

20 between said gate aiid sMd channel, said method comprising the steps of: 
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programming said fiist bit ih the forward direction by: applying a first 
progrtoimiiig voltage to said gate; applying a second pfb^-amiriing voltage 
to said first region; and coupling said second region to ground; 

thereby to inject electrical charge into said charge trapping material 
5 utilizing hot eieclrbn injection for a time sufficient to cause eiiough electrical 

charge to become trapped asymmetricjally ih a charge trapping region of said 
charge trapping material in close vicinity to said first region such that the 
threshold voltage of said cell is at least at a predetermined level when said 
memory cell is read in the reverse direction firom which it was programmed; 

0 programming said second bit in the forward direction by: 

applying a third programming voltage to said gate; 
applying a fourth programming voltage to said second region; and 
coupling said first region to ground; 

_ thereby to inject electrical charge into said charge trappii^ material 
15 nriliTing hot electron injection for a tirne sufficimt to cause enough electrical 

charge to become trapped asymmetrically in a charge trapping region of said 
charge tr^ping material in close vicinity to said second region such that tiae 
threshold, voltage of said cell is at least at a predetermmed level when said 
memory cell is read in the reverse direction firom which it was programmed; 

20 reading, said first bit in the reverse direction by: 

applying a first read voltage to said gate; 
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applying a second read voltage to said second region; coupling said first 
region to ground; sensing whether or not current flows through said memory 
cell from said second region to said first region; 

wherein said first read voltage is between the voltage at which sufficient 
inversion is generated in the channel whereby the unprogrammed state can 
be sensed and which permits read through of the bit not being read and the 
voltage at which the voltage across a region of said channel beneath the 
trapped charge in said charge storage region is below said second read 
voltage- 
reading said second bit in the reverse direction by: 
applying a third read voltage to said gate; 
applying a fourth read voltage to said first region; 
coupling isaid second i^gibn to ground; 

sdasiiig v^ieflier or not cuorait flows through said meinory cell firom said 
first regibh to said second region; 

wherem said third read voltage is between the vditage at which sufficient 
inversion is generated in the channel whereby the tmprbgrtolfriiBd state can 
h6 sensed and which permits read through of the bit not bemg read and the 
voltage at which the vbltage across a region of said channel beneath the 
trapped charge in said chargie storage region is below said fourth read 
vbltagie; 
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erasing said first bit of said merriory cell by : 

applying a first erase voltage to said gate; 

applying a second erase voltage to said first region; 

whereby said first and second erase voltages are sufficient to cause 
5 electrons to be removed firom said charge trapping region; 

erasing said second bit of said memory cell by: 

applying a thmi erase voltage to said gate; 

applying a fourth erase voltage to said second region; and 

whereby said third and fourth eiase voltages are sufficient to cause 
10 . electrons to be removed firom said charge trapping region. 

38. An electrically erasable prograintnable read only ineinory (EEPROM) cell 
capable of storing two bits of iiifoririation^ comprising: 

a ^dtiiconductdf substrate of a first conductivity type containing therein a 
first region and a second region each of a second conductivity type opposite 
15 to said first conductivity type and separated firom each other by a channel 

region npnnalLy of said first conductivity type; 

a dielectric fonned over said chaimel regio% said dielectric being capable 
of holding selected charge in a portion thereof abpve but adjacent to said first 
regidii fdrming a first bit and in a portipn thereof above but adjacent to said 
20 second region forming a second bit, said dielectric including a first layer of 

silicon oxide, a second layer of silicon oxide and a charge trapping material 
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foimed between said first layer of silicon oxide and said second layer of 

silicon oxide; 

a gate comprising an electrically conductive layer formed on and 
overlaying said dielectric; 

5 a first voltage source capable of being connected to said first region, a 

second voltage source capable of being connected to said gates aind a third 
voltage source capable of being connected to said second region; 

a first control both for causing said first voltage source to apply a first 
voltage to said first region^ said second voltage source to apply a second 

10 voltage to s^dd gate, and said third voltage source to apply a Hurd voltage to 

said second region, thweby to cause electrons to be injected by hot electron 
injection into a portion of said dielectric close to said first region and for 
causing said first voltage source to apply a fourtii voltage to said first region, 
said second volts^e source to apply a fifth voltage to said gate and said third 

15 voltage source to apply a sixth voltage to said second region thereby to cause 

said memory cell to read said first bit in the reverse direction from the 
direction in wiiich the first bit was programmed; and 

a second control both for causing said first voltage source to apply a 
seventh voltage to said second region, said second voltage source to apply an 
zo eighth voltage to said gate, and said third voltage source to apply a ninth 

voltage to said first region, tiiereby to cause electrons to be injected by hot 
electron injection into a portion of said dielectric close to said second region 
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and for causing said first vdltage source to apply a tenth voltage to said 
second region, said second voltage soiirce to apply an eleventh voltage to 
said gate arid said third voltage source to apply a twelfth voltage to said first 
region thereby to cause said memory cell to read said second bit in the 
5 . reverse ciirection frorp the direction in which the second bit was 

programmed. 

39. The memory cell according to claiM 3 8, wherein said charges trapping material 
comprises silicon nitride, said layer of silicon nitride being of such a thickness as 
to receive arid retain a selected charge in a localized portion of said silicon nitride 

10 ri^ said first reg^:6ri for said first bit and near said second region for said second 

bitj arid wherein the remainder of said dielectric is adapted to assist in re t ai n ing 
the ehargS in the silicon nitride in smd portion of the silicon nitride in >^ch the 
cSiarge is fotxried. 

40. The memory cell according to claim 39, wherein said first layer of silicon oxide 
15 formed between said silicon nitride layer and said semiconductor substrate, said 

second layer of silicon oxide formed betweea said silicon nitride lay tt and said 
gate. 

41 . The memory cell according to claim 38, wherein said semiconductor substrate 
comprises silicon, said first laya: of silicon oxide formed by thermally oxidi^g 

zo said semiconductor substrate. 
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42. The memory cell according to claim 38, wherein said charge trapping region 
comprises silicon nitride^ said second layer of silicon oxide formed at least in part 
by thermally oxidizing a top portion of the layer of said silicon nitride. 

43. The memory cell according to claim 38, wherein said second layer of silicon 
oxide comprises at least a portion formed frbrri the depositibn of silicon dioxide. 

44. The memory cell according to claim 38, wherein said second layer of silicon 
oxide fonned at least in part by the deposition of silicon dioxide frdrti TEOS. 

45. The memory cell according to claim 39, wherein said second layer of silicon 
oxide formed by at least one of the following: thermal oxidation of the top 
surfece of said silicon nitride layer, the chemical vapor deposition of silicon 
dioxide from selected reactants or the deposition of silicon dioxide from the 
decomposition of TEOS. 

46. The memory cell according to claim 38, wherein said dielectric comprises a 
selected layer of silicon dioxide formed with selected pockets of polycrystalline 
silicon dispersed therein, said pockets of polycrystalline silicon being csQiable of 
retaining a charge lodged in said polycrystalline silicon. 

47. The memory cell according to claim 38, wherein said dielectric comprises 
. selected impxirities which are capable of retaining a charge. 

48 . The meniory ceil accofdmg to claun 3 8, wHereift said dielectric coniprises a 
pocket of polycrystalline silicon located adjacent the drain region of said cell, 
said pocket of polycrystalline silicon being capable of storing trapped charges. 

■ ■ 93 



wo 99/07660 ^^CT/IL9iB/6d363 

49, The memory cell according to ciaim 38, whereiii said dielectric cofnpriises at least, 
a portion thereof formed by depdsitirig silicori dioxide iii a silicon rich 
environment such that precipitates of silicon form randomly but are dispersed 
throughout a portion of the siUcon dioxide layer, said precipitates of silicon 
serving to hold trapped charge injected into said portion of said silicon dioxide 
layer. 

50. A semiconductor memory cell capable of storing two bits of information, 

f 

comprising: 

a substrate of a first conductivity type including a first region of a second 
conductivity type opposite said first conductivity type and a second region of 
said second conductivity type, said first region and second region being 
respectively spaced firom each other by a channel region normally of said 
first conductivity type formed therebetween; 

a dielectric capable of holdmg an electric^ charge in a chiarge trapping 
region thereof formed over said channel riegion near said firist regibii forming 
a first bit and near said second region f oiiniiig a sescond tit; 
a conductive gate fonned over said dielectric; 
means for ^plying a first voltage to said first region and a second 
volt^e to said gate region thereby to caause electtofis to be lodged oil and 
stored in said charge trappiiig- region near said first region to form said first 
bit; 
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means fo^plying a third voltage to said second regioSKd said second 

voltage to said gate region thereby to cause electrons to be lodged on and 
stored in said charge trapping region near said second region to form SEud 
second bit; 

means for applying a fourth voltage to said second region and a fifth 
voltage to said gate thereby to cause a cinxent to be read indicating the 
presence or absence of a stored charge in said dielectric near said first region 
representing said first bit, the fifth voltage being between a sixth voltage, 
sufficient to invert said chaimel with no charge in said charge tr^ping region 
near said first region and a seventh voltage sufficient to create a voltage 
beneath said foiirfh voltage at a point iii said channel beneath an edge of said 
charge trapping region with chiatgt stored therein; and 

means for applying an eighth voltage to said first region and a lUiith 
voltage to said gate thereby to cause a current to be read indicatting the 
presence or absence of a stored charge in said dielectric near said second 
region representing said second bit, the ninth voltage being between a tentii 
voltage sufficient to invert said chaimel with no charge in said charge 
trapping region near said second region and an eleventh voltage sufficient to 
create a voltage beneath said ninth voltage at a point in said chaimel beneath 
an edge of said charge trapping region with charge stored therein. 

5 1 . The memory cell according to claim 50^ wherein said dielectric further 
comprises: 
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a first layer of silicon dioxide formed on said substrate; 
a layer of silicon nitride formed on said first layer of silicon dioxide, said 
layer of silicon nitride being capable of retaining charge m a first selected 
portion thereof forming said first bit and in a second selected portion thereof 
5 forming said second bit; and 

a second layer of silicon dioxide formed on said silicon nitride, said 
second layer of silicon dioxide assisting said silicon nitride in retainnig the 
charge trapped in the charge trapping region thereof despite the electric fields 
generated theran. 

10 52. A method of operating a non-volatile electrically erasable and programmable 
semiconductor memory ceU capable of storing two bits of information utilizing 
asymmetrical charge trapping, said memory cell comprising a semiconductor 
substrate of a first conductivity type having formed therein a first region and a 
second region each of a second conductivity type opposite the said first 

15 conductivity type, said memory cell further having formed therein a channel 

between said first and second regions, a dielectric overlying said channel, said 
dielectric including at least a silicon nitride layer for the capture and retention of 
localized charge m a first portion of said silicon nitride layer closest to and above 
said first region forming a first bit and in a second portion of said silicon nitride 

20 layer closest to and above said second region forming a second bit and a 

conductive gate overlying said dielectric, said metiiod cdtoprisiflg the stqps of: 
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placing charge on said first portion and said second portion of said 
silicon nitride layer; 

applying a first voltage to said second region greater than the voltage on 
said first region and applying a second voltage to said conductive gate, said 
second voltage being less than the voltage across the portion of said channel 
beneath said first portion of said silicon nitride layer holding said charge, 
said second volt^e causing a first current to be read by said device when no 
charge has been placed on said first portibii of said siiicon mtride layer and 
causing a second current, less than said first cmrent, or no curretit, to be read 
when a localized charge has beeii placed oh said first portion of said silicon 
nitride layer, said Idealized charge being substantially less than the localized 
charge required to achieve the same threshold voltage for th§ device when 
the device is to be read by applying a voltage to the second region and a 
voltage to the gate region J ?nd 

applying a third voltage to said first rc^on greater than the voltage on 
said secoiid region and applying a fourth voltage to said conductive gate, 
said fourth voltage being less than the voltage across the portion of said 
channel beneath said second portion of said silicon nitride layer holding said 
charge, said fourth voltage causing a third current to be read by said device 
when no charge has been placed on said second portion of said silicon mtride 
layer and causmg a fourth current, less than said third ciirreiit, or no cuirent, 
to be read when a localized charge has begh placed on said sedoiid portion of 
said siUcon mtride layer, said localized charge bemg substantially less than 
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the localized charge required to achieve tiie sairie fhreshdld voltage for the 
device when the device is to te read by applying a voltage to the first region 
and a voltage to the gate region, . . 

53 . An electrically erasable programmable read only memory (EEi'ROM) ceill 
capable storing two bits of iiiforniation, comprising: 

a semiconducting substrate of a first conductivity type; 

a first region comprising a portion of said semiconductiiig substrate 
doped to have a conducti\dty opposite that of said semiconducting substrate; 

a second regiori spaced fi-om said first region, comprising a portion of 
said semicdnductiflg substrate doped to have a conductivity apposite that of 
said scmicoiiductirig substrate; 

a channel formed in tfee space between said first region and said second 
region vsdthin said semiconducting substrate; 

a first insuladng layer bveriaying and covcnng said dhamieli 

a non conducting charge trapping layer formed on and overlaying said 
first insulating layer, 

a second insulating layer formed on and overlaying said non conducting 
charge trapping layer; 

a gate comprising an electrically conductive material formed on and 
overlaying said secQnd insulating layer; 
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wherein s^4 charge trapping layer is formed so as to receive and retain a 

first selected amount of charge in a region of said non conducting charge 
trapping layer close to and above said first region forming a first bit and a 
second selected amount of charge in a region of said non conducting charge 

5 trapping layer close to and above said second region forming a second bit, 

said charge trapping layer comprising a layer of silicon nitride having a 
thickness selected to ensure that the lateral electric field associated with tiie 
trapped charge forming either said first bit or said second bit is below tiie 
lateral electric field which would cause significant lateral diffusion of the 

10 stored charge and said first selected amount of charge and said second 

selected amoimt of charge is sufBcient to cause a desired increase in the 
tfaresiiold voltage required to invisrt said, channel when said cell is re^ in the 
reverse direction but is not sufficient to cause the sanie desired increase in 
the threshold voltage required to invert the channel when the cell is read in 

15 the forward direction. 

54. The m&aioty celll according to ClEum 53^ wherein the thickness of the silicon 
nitride is selected to reduce the lateral electric fidd within the charge storage 
region, associated wi% eaph of said jSrst bit and said second bit to beneath a 
selected value thereby to reduce the lateral diffusion of the stored charge in the 
20 siUpQn nitride and thereby to liimtti^^ 

corresponding portion of the channel beneath said charge storage region due to 
this lateral, diffusion to less than a selected amount. 
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55 . the memory cell accordiiig to claim 54, wherein the reductibh in the threshold 
voltage of the portion of the chaimel beneath said charge stdraige region for each 
of said first bit and said second bit due to lateral diffusion of the stored charge is 
less than ten percent of the threshold voltage of the cdrrespohding portion of the 
channel before the lateral diffiisiofi. 

56. The memory cell according to claim 54, wherein the reduction in the threshold 
voltage of the portion of the channel beneath said charge storage region for each 
of said first bit and said second bit due to lateral diffusion of the stored charge is 
less than five percent of the threshold voltage of the corresponding portion of the 
channel before the lateral diffusion. 

57. An electrically CTasable pix)grainmable read only memory cell capable of storing 
two bits of infoitnaddii, comprising: 

a SOTUConductbf substrate of i first cbndiictiviiy type; 

a first region and a second region of a second conductivity type opposite 
to said first conductivity type formed in said sMniconductor substrate and 
separated from each other by a channel regional 

a multi-layer dielectric fbraled dvd: said chmnel region betwieen said 
fest region and said se<x)M regi^^ 

eiid a^acenf said fi^ region aind a: secbiid adjacent said sefednd re^on; 

a conductive gate formed over said multi-layer dielectric thereby to 
control the voltage in said channel region; and 



166 



wo 99/07000 ^^PCT/IL98/00363 

a first amRnt of charge trapped at said first end of sai^Smlti-layer 

dielectric and a second amount of charge trapped at said second end of said 
dielectric, said first amount of charge and said second amount of charge 
together representing two bits of information capable of being stored in said 
ceU. 

58. Structure as in Claim 57 wherein said first amount of charge represents a binary 1 
and said second amomit of charge represents a binary 0. 

59. Structure as in Claim 57 wherein said first amoimt of charge represents a biiiary 0 
and said second amount of charge represents a binary 1 . 

60. Structure as in Claim 57 wherein said first aihduxlt of charge represents a binary 1 
and said second amount of chiarge represisiits a binary 1 . 

61 . Structure as in Claim 57 wherein said first amount of charge represents a binary 0 
and said second amoimt of charge represents a binary 0. 

62. Structure as in Claim 57 wherein said first amount of charge in said multi-layer 
dielectric is self-aligned to a jxmction between said first region and said substrate 
and said second amount of charge in said multi-layer dielectric is self-aligned to 
a junction between said second region and said substrate. 

63. Stmcliufe as in Claiiii 62 wherbiii the width of said fiurst airioxmt of charge trapped 
ifi said multi-layer dielectric and the width of said sfeeorid amount of charge 
trapped in said mulfi^layer dielectric is such fliat purich throtigh occurs in the 
chaimel beneath said first amoimt of charge when the state of said second amount 
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of charge is being read from said memory cell and punch through of the channel 
region beneath said second amount of charge dcctirs when the state c>f said first 
amovuit of charge is being read from said memory ceil. 

64. Structure as in Claim 57 wherein said first amount of charge is capable of being 
erased by the application of a low voltage to said conductive gate and a positive 
voltage to said first region iand said second amount of charge is capable? of being 
erased by the application of a low vditage to said conductive gate and a positive 
voltage to said second region,. 

65. Structure as in Claim 57 wherein the state of said first miount of charge is read 
by applying a first selected voltage to said conductive gate and a second selected 
voltage to the second region, while said first region is held at ground thereby to 
cause the channel between said first region and said second region to conduct a 
current above a threshold level when said first amount of charge is below a given 
amount and to not conduct a current above said threshold level when said first 
ambunt of charge is above said given amount 

66. Structure as in Claim 57 wherein the state of said second amount of charge 
trapped at said second end of said dielectric is read by applying a first selected 
voltage to said conductive gate and a second selected voltage to said first region 
while said second region is held at ground thereby to cause the channel between 
said first region and said second region to conduct a ciirrent above a threshold 
iev6L when s^d second amount of charge is below a given ampunt and not 
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conduct a currenrarove said threshold level when said second^Hount of charge 

is above said given amount. 

67. The method of storing two bits of information in a memory cell, the memory cell 
comprising a semiconductor substrate of a first conductivity type with a first 
region and a second region of second conductivity type opposite to said first 
conductivity type formed therein, a channel in said substfats separating said first 
region fi-om said second region; a multi-layer dielectric having a first end and a 
second end formed over said channel and a conductive layer fonhed over said 
. multi-layer dielectric, said method comprising: 

pilling a fiirst selected charge at said finst end of said dielectric and a 
second selected chairge at said s6c6hd end of said dielectric, wherein the first 
selected charge and the second selected charge r^resent a first bit and a 
second bit capable of being stored in said memory cell, and the state of said 
fijTSt bit in said memory cell is read by: 

applying a first selected voltage to ^d second region; 

applying a second selected voltage to said conductive gate; and 

applying a ground potential to said first region; 

wherein a current above a tiireshold current flows in said channel when 
said first selected charge is below a selected amount and no . current or a 
current beneath said threshold current flows in said chaimel vrfien the fiarst 
selected charge is above said selected amount; and 
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wherein the state of said second bit in said memory cell is read by: 

appiyinjg said first selected voltage to said first region; 

applying said second selected voltage to said conductive gate; and 

applying a groimd potential to said second region; 

wherein a current above a threshold current flows in said channel when 
said sepond selected charge is below said selected amount and no current or a 
current beneath said threshold current flows in said channel when said 
second selected charge is above said selected amount 

68. The niethod of Claim 67 wherein said first amount of charge and said second 
aitkburit of charge stored in said memory cell are erased by : 

applying a relatively low vollige to said coiiductive gate; and 

applying a positive voltage to said first region thereby to remove the first 
amoimt of charge trapped at the first end of said multi-layer dielectric; and 

applymg a relatively low voltage to ^aid conductive gate; and 

applying a positive voltage to said second region thereby to remove the 
second amount of charge stored at the second end of said multilayer 
dielectric. 
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